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Abstract 

Plants produce various secondary metabolites, many of which have complex 

structures. Wild and cultivated plants remain the primary sources of most 

pharmaceutically significant secondary metabolites. However, the production of these 

compounds in plants is limited by the capacity of their biosynthetic pathways. This 

limitation has prompted efforts to develop methods to increase the yield of desired 

secondary metabolites. Advances in "omic" techniques have accelerated the 

development of approaches that utilize plants as bio-factories to produce these 

valuable compounds. This review provides an overview of strategies for producing 

high-value plant products and using plants as heterologous hosts to produce foreign 

recombinant proteins for medical applications. 
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1. Introduction 

Plants are rich sources of secondary metabolites, which play an important role in plant 

defense processes. Secondary metabolites formed from the primary metabolites of 

plants do not directly contribute to plant growth, development, or reproduction1. 

Although they are not essential for the basal functions in plants, they can be beneficial 

in altering life conditions. The biosynthesis of secondary metabolites is often restricted 

to specially differentiated cells that possess a set of enzymes involved in their 

formation. The large structural variability of plant secondary metabolites allows plants 

to efficiently eliminate the impact of a wide variety of environmental stress stimuli2. The 

effects of plant secondary metabolites are not only related to the plant organism. They 

exhibit remarkable biological activities in microorganisms, animals, and humans. 

Therefore, plant secondary metabolites can be used for therapeutic purposes, 

including food additives, dietary supplements, and ingredients of cosmetics3. The 
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limited production capacity of desired plant secondary metabolites in medicinal plants 

has prompted efforts to find novel approaches for increasing their yields.  

Plant biotechnology involves various techniques that use tissue culture and genetic 

engineering to develop genetically modified plants with new or enhanced desirable 

traits. These traits include an increased production of beneficial secondary 

metabolites, which facilitate plant resistance to diseases, pests, and environmental 

challenges. Plant biotechnology enables the production of valuable proteins in plants 

using genes from viruses, microbes, animals, or humans. The present review article 

focuses on plant biotechnological approaches and summarizes information regarding 

their application in pharmaceutical contexts.  

 

2. Plant biotechnological approaches for pharmaceutical applications   

2.1 Elicitation techniques  

Plants synthesize an extensive range of secondary metabolites, often with highly 

complex structures. Wild and cultivated plants continue to be the primary sources of 

most pharmaceutically important secondary metabolites due to the economically 

unfeasible nature of chemical synthesis. Plant in vitro cultures represent an attractive 

alternative in plant secondary metabolite production, as does the cultivation of large-

scale plant cell cultures in bioreactors. However, these approaches are constrained by 

economic factors and the production capacity of valuable natural compounds in plant 

tissue cultures. Advances in tissue culture techniques combined with improvements in 

the genetic engineering of pharmaceuticals, nutraceuticals, and other beneficial 

substances could eliminate the mentioned limitations4-6. 

Application of several elicitors in growth media of plant tissue cultures modifies natural 

production ability in quantitative and qualitative senses. A broad array of abiotic and 

biotic elicitors including heavy metals, physical factors, inorganic salts, yeast extract, 

hydrolysate from the cell wall of phytopathogenic fungi, and signal molecules have 

been tested on tissue cultures of various medicinal plants. The advantage of elicitors 

consists of their ability to induce defense processes and fully utilize the 

naturalbiosynthetic capacity (including enzymes and metabolic precursors) of plants in 

the production of precious compounds. Cultivation of plant in vitro systems in 

bioreactors represents a valuable tool in the production of secondary metabolites 

under controlled conditions making it possible to combine diverse biotechnological 

strategies6-9.  



De Remediis 
ISSN: 3058-0358 

Official Scientific Journal of Faculty of Pharmacy UD 

De Remediis Volume 1. Issue 1. 50-61. https://doi.org/ 10.71116/wrst8084 

Paclitaxel is a bioactive compound derived from Taxus spp., and due to its proven 

anticancer activity, it is utilized in the treatment of various types of cancer. For 

sustainable commercial production of paclitaxel in Taxus cell cultures, the large-scale 

bioreactor technology has been designed. The development of an effective paclitaxel 

production system based on cell suspension cultures has included different strategies 

such as elicitation, immobilization, as well as genetic manipulations of targeted genes 

involved in the regulation of paclitaxel biosynthesis10-13. Although bioreactor cultivation 

technology (figure 1) resulted in the commercial production of paclitaxel, the elicitation 

technique remains in researchers interest as they seek more efficient strategies for 

paclitaxel production.  

Exogenous treatment of Taxus baccata plant cell cultures by the elicitor methyl 

jasmonate (MeJA) and ethylene inhibitor silver thiosulfate has resulted in increased 

paclitaxel production14. Another strategy focused on paclitaxel production 

improvement involves the elicitation of taxadiene synthase transgene-carrying Taxus 

baccata hairy roots cultures with MeJA11 or a combination of MeJA and gas-carrying 

compounds like perfluorodecalin15. Taura et al., published a strategy for the production 

of paclitaxel in the bioreactor with foam separation. This technological improvement 

avoids a paclitaxel´s feedback inhibition on the growth of Taxus cuspidata cell cultures 

and enhances the production five times compared to the control16. 

Another high-valued plant secondary metabolite, artemisinin, is produced in Artemisia 

annua. Its significant antimalarial activity makes artemisinin the key treatment for 

uncomplicated malaria. Due to the complex chemical synthesis, the maternal plant 

Artemisia annua remains the main source of this compound. Based on this fact, some 

biotechnological approaches have been developed to enhance artemisinin production. 

One promising method for artemisinin mass production is hairy root cultivation in 

bioreactors supported by the application of elicitors17. As an alternative to the 

artemisinin production in the maternal plant, genes involved in its biosynthesis have 

been inserted in various heterologous hosts such as Nicotiana tabacum18, Nicotiana 

benthamiana19, Physcomitrella patens20, as well as microorganisms Escherichia coli 

and Saccharomyces cerevisiae21 leading to artemisinin production in variable 

quantities. The introduction of bioreactor methodologies seems to be a suitable way 

for the efficient production of natural compounds at the commercial level. Besides 

paclitaxel and artemisinin production in bioreactors, the production of other valuable 

plant secondary metabolites namely cichoric acid22, ginsenosides, as well as 

tanshinones23 have been successfully scaled up in corresponding plant cell and organ 
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cultures supported by elicitation. Currently, the elicitation technique is still an attractive 

method for the reinforcement of the production capacity, especially in the in vitro 

cultures of medicinal plants.  

 

 

Figure 1: General scheme of key steps for in vitro plant cell cultivation to produce the desired 
compounds 

 

2.2  Metabolic engineering of plant secondary metabolites 

Plant metabolic engineering is based on the modification of existing metabolic 

pathways allowing either extensive production of the desired metabolite or production 

of metabolites not naturally present in the plant or cell cultures. Enhanced production 

of natural compounds through metabolic engineering relies on the discovery, isolation, 

and purification of enzymes within specific pathways, as well as the identification of  

their corresponding genes24-26. This strategy has some limitations resulting from either 

the resistance of medicinal plants toward genetic modifications or the inability of cell 

cultures to produce a particular compound due to the compartmentalization of its 

biosynthetic pathway. For illustration, dedifferentiated opium poppy cell cultures do not 

produce opium alkaloids because enzymes that participate in their biosynthesis are 

localized in sieve elements of an intact plant27. Elicitation of opium poppy cell cultures 

leads to increased formation of sanguinarine – benzo[c]phenanthridine alkaloid that 

partially shares a biosynthetic pathway with morphinans9,28. Zinc finger nucleases 

(ZFNs), transcription activator-like effector nucleases (TALENs), and the 

CRISPR/Cas9 system represent prominent genome editing tools mediating 

site-specific gene modifications requiring endogenous DNA repair mechanisms29,30. 

While ZFNs and TALENs belong to the first generation of gene editing tools, 

CRISPR/Cas9 represents a revolutionary approach that greatly accelerates precise 

and efficient genome editing31,32. CRISPR/Cas9 is a prominent genome-editing tool 

that stands out among other techniques due to its efficiency, precision, and versatility. 

O

OO

O

O

O

H

OH

O
OH

OO

OH

NH

O

O

Callus culture Suspension culture Bioreactor Compound of interest

Elicitor43

Taxus spp.



De Remediis 
ISSN: 3058-0358 

Official Scientific Journal of Faculty of Pharmacy UD 

De Remediis Volume 1. Issue 1. 50-61. https://doi.org/ 10.71116/wrst8084 

The preparation of knockout mutant plants using CRISPR/Cas9 genome-editing tools 

enhances traits such as disease resistance and adaptability to abiotic stress33. 

Production of specific secondary metabolites in medicinal plants can be 

increased/decreased by CRISPR/Cas9 technology. This tool has been successfully 

used to selectively alter the production of phenolic compounds, flavonoids, alkaloids, 

terpenes, carotenoids, and oils in parental plants34. In Salvia miltiorrhiza, targeted 

SmCPS1 gene to manipulate tanshinone biosynthesis demonstrating the gene editing 

to elucidate metabolic pathways35. Similarly, in Dioscorea zingiberensis target gene 

editing aims to increase diosgenine content and in Papaver somniferum a gene 

4´-OMT2 in alkaloid biosynthesis was knocked-out36.   

In addition to metabolic and genetic engineering, the gene transfer and reconstruction 

of the desired biosynthetic pathway in heterologous host organisms is a promising way 

to diversify sources of plant secondary metabolites. The advantage of heterologous 

host systems lies in their amenability to genetic modifications and stable expression 

potential37. Different heterologous hosts have been used for the production of a wide 

variety of plant metabolites and proteins38. For instance, Escherichia coli (E. coli ) has 

been used as a host organism for the total biosynthesis of thebaine – an opiate alkaloid 

obtained from opium poppy straw. Modifying the E. coli genome by two additional 

genes encoding enzymes thebaine-6-O-demethylase and morphinone reductase 

allowed the production of hydrocodone in thebaine producer39.  

The Nicotiana benthamiana transient expression system is the preferred platform for 

functionally characterizing non-native plant enzymes and reconstituting multistep 

pathways for complex plant secondary metabolites40. Recently, Nicotiana technology 

was used for strictosidine production, the last common intermediate in the biosynthesis 

of monoterpene indole alkaloids41. On the other hand, a variety of recombinant proteins 

have been produced in plants, leading to a partial shift in the production of protein-

based pharmaceuticals from bacterial, fungal, and mammalian cell cultures to plants 

and plant cell cultures. Human-type I collagen, which self-assembles into fine, 

homogeneous fibrils, is produced in tobacco plants and has been utilized in tissue 

engineering and regenerative medicine42. Bovine trypsin, sold under the name 

TrypZean (Sigma-Aldrich), is derived from maize. This product is particularly valuable 

in animal cell cultures because it is free from contaminants of animal origin. 

Additionally, rice has been used to manufacture human lysozyme and lactoferrin. 

Taliglucerase alpha is a recombinant protein used in enzyme replacement therapy for 

Gaucher’s disease. It is the first plant cell-based recombinant therapeutic protein 
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produced by Protalix company and approved by the FDA43. Table 1 summarizes 

various bioactive compounds produced in plants and other heterologous organisms 

using biotechnological tools. 

 

Bioactive compound Biotechnological techniques Plant/heterologous host 

Ajmalicine Elicitation Catharanthus roseus44 

Artemisinin Heterologous expression 
Nicotiana tabacum,18 Nicotiana benthamiana,19 
Physcomitrella patens,20 E. coli, S. cerevisiae21  

Cichoric acid Elicitation Echinacea purpurea22 

Ginsenosides Organ and cell cultures Panax ginseng, Panax quinquefolium23 

Paclitaxel 

Metabolic engineering 

Heterologous expression 

Elicitation 

Taxus mairei 

E. coli, S. cerevisiae  

Taxus baccata, Taxus x45 

Podophyllotoxin 

Heterologous expression 

Elicitation 

Metabolic engineering 

Linum album  

Linum album  

Podophyllum hexandrum Royle45 

Sanguinarine Elicitation Eschscholzia californica46 

Strictosidine Heterologous expression Nicotiana benthamiana41 

Tanshinones 
Metabolic engineering 

Elicitation 
Salvia miltiorrhiza23,47 

Taxadiene Heterologous expression 
E.coli, S. cerevisiae, Artemisia annua, Panax ginseng, 
Nicotiana benthamiana45 

Thebaine Heterologous expression E. colli39 

Bovine trypsin 
(TrypZean) 

Heterologous expression Zea mays43 

Human type I collagen Heterologous expression Nicotiana spp.42 

Taliglucerase alpha Heterologous expression Daucus carota43,48 

 
Table 1: Enhanced production of some bioactive compounds using different techniques 

 

The use of biotechnological tools significantly influences various aspects of human life. 

The most notable impact has been seen in agriculture and food production, where 

significant cost reductions have resulted from the adoption of genetically modified 

crops with high yields. Utilization of plant-based biotechnological approaches has 

transformed drug preparation in the pharmaceutical industry. Plant-based production 

of bioactive compounds including vaccines and therapeutic proteins enables sustained 

and cost-effective production regarding primary investment and profit. The global plant-

based biologics market size was $116 million in the year 2021 and is predicted to 

achieve $182 million in the year 203149. 

 

2.3 Plants-derived vaccines 

As genetic engineering technologies advance, plants are increasingly being used as 

bio-factories to produce antibodies and foreign antigens. Plants as bio-factories offer 

several advantages; they can be grown inexpensively on a large scale in greenhouses, 
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bioreactors, or open fields. Additionally, plants can express complex antigens while 

eliminating the risk of carrying human pathogens or endotoxins, which are potential 

contaminants in viral, bacterial, insect, or mammalian cell expression systems. 

Recently, the use of plants has become a more attractive and acceptable platform for 

vaccine production. Several plants, including tobacco, rice, maize, potato, alfalfa, 

lettuce, tomato, carrot, peanut, and soybean, serve as hosts for gene introduction. This 

process is achieved in vitro using protoplasts, cell cultures, or hairy root cultures43. 

Plant expression platforms provide several advantages for producing recombinant 

subunit vaccines. These platforms can be divided into three main categories:  

1. Transient expression systems. 

2. Stable expression in transgenic plants or cell cultures. 

3. Stable expression in the plastid genome of transplastomic plants. 

Vaccines against viruses have been successfully produced using all three platforms, 

each possessing specific advantages and limitations. Numerous attempts have been 

made to produce vaccines against SARS-CoV-2, HBV, HCV, Ebola, and Zika viruses 

in plant systems, with some currently in various phases of clinical trials50. 

Biotechnological approaches, mainly genome editing methods, allow the preparation 

of transgenic plants to produce plant bioactive compounds, nutraceuticals, or 

plant-based vaccines. The use of transgenic plants is associated with several risks that 

may have potential impacts on the environment, biosafety, and human health. 

Therefore, their responsible usage requires careful consideration of ethical, 

environmental, and regulatory issues in accordance with GMO regulation rules 

including EU legislation on GMOs and the Cartagena Protocol on Biosafety51,52.  

 

3. Conclusion 

Plants have developed adaptive mechanisms to protect themselves from 

environmental stressors. Plant secondary metabolites play a crucial role in these 

defense strategies. The effect of plant secondary metabolites is not only related to the 

plant organism. They possess remarkable biological activities toward microorganisms, 

animals, and humans. In vitro techniques such as callus, hairy roots, and suspension 

culture cultivation in conjunction with elicitation, have been used to enhance the levels 

of pharmaceutically important secondary metabolites in plants.  

Research challenges in plant-based biotechnology include a wide range of scientific 

issues that need to be addressed to fully realize the potential of this field. The utilization 

of biocompatible nanoparticles in combination with elicitation and metabolic 
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engineering to enhance plant secondary metabolism is an emerging area with 

significant implications for phytopharmaceuticals. Future research should focus on 

understanding the precise interactions between nanoparticles and plants and refine 

this method for commercial application. 

CRISPR/Cas9-based genome editing has revolutionized plant genetic modification, 

allowing precise and targeted changes to plant genomes. This emerging technology 

enables the introduction of specific mutations improving plant traits. While 

advancements in genome editing tools have improved the ability to modify plant 

genomes, achieving precise editing without off-target effects remains a challenge.  

The implementation of plant biotechnology in different areas of life requires the 

establishment of harmonized regulatory rules to ensure the safety of final products 

(both agricultural and pharmaceutical).   

 

Acknowledgments 

This review is a part of scientific research financially supported by the Grant Agency of 

the Ministry of Education, Research, Development and Youth of the Slovak Republic 

(Grant N° VEGA 1/0101/23). 

 

 

References 

1.  Tiwari R, Rana CS. Plant secondary metabolites: a review. Int J Engeneering Res Genarel Sci. 

2015 Oct;3(5):661–70.  

2.  Yang L, Wen KS, Ruan X, Zhao YX, Wei F, Wang Q. Response of plant secondary metabolites 

to environmental factors. Molecules. 2018 Mar;23(4):1–26. doi:10.3390/molecules23040762 

3.  Guerriero G, Berni R, Muñoz-Sanchez JA, Apone F, Abdel-Salam EM, Qahtan AA, Alatar AA, 

Cantini C, Cai G, Hausman JF, Siddiqui KS, Hernández-Sotomayor SMT, Faisal M. Production 

of plant secondary metabolites: Examples, tips and suggestions for biotechnologists. Genes 

(Basel). 2018 Jun;9:309. doi:10.3390/genes9060309 

4.  Verpoorte R, Contin A, Memelink J. Biotechnology for the production of plant secondary 

metabolites. Phytochem Rev. 2002 Jan;1:13–25. doi:10.1023/A:1015871916833 

5.  Oksman-Caldentey KM, Inzé D. Plant cell factories in the post-genomic era: new ways to produce 

designer secondary metabolites. Trends Plant Sci. 2004 Sep;9(9):433–40. 

doi:10.1016/j.tplants.2004.07.006 

6.  Hussain MS, Fareed S, Ansari S, Rahman MA, Ahmad IZ, Saeed M. Current approaches toward 

production of secondary plant metabolites. J Pharm Bioallied Sci. 2012 Jan;4(1):10–20. 

doi:10.4103/0975-7406.92725 

7.  Gonçalves S, Romano A. Production of Plant Secondary Metabolites by Using Biotechnological 

Tools. In: Vijayakumar R, Raja SSS, editors. Secondary Metabolites - Sources and Applications. 



De Remediis 
ISSN: 3058-0358 

Official Scientific Journal of Faculty of Pharmacy UD 

De Remediis Volume 1. Issue 1. 50-61. https://doi.org/ 10.71116/wrst8084 

London: InTech; 2018. p. 81–99. doi:10.5772/intechopen.76414 

8.  Kollárová R, Obložinsḱy M, Kováčiková V, Holková I, Balažová A, Pekárová M, Hoffman P, 

Bezáková L. Lipoxygenase activity and sanguinarine production in cell suspension cultures of 

California poppy (Eschscholtzia californica CHAM.). Pharmazie. 2014 Aug;69(8):637–40. 

doi:10.1691/ph.2014.4518 

9.  Holková I, Bezáková L, Bilka F, Balažová A, Vanko M, Blanáriková V. Involvement of 

lipoxygenase in elicitor-stimulated sanguinarine accumulation in Papaver somniferum 

suspension cultures. Plant Physiol Biochem. 2010 Nov;48(10–11):887–92. 

doi:10.1016/j.plaphy.2010.08.004 

10.  Vongpaseuth K, Roberts SC. Advancements in the understanding of Paclitaxel metabolism in 

tissue culture. Curr Pharm Biotechnol. 2007 Aug;8(4):219–36. 

doi:10.2174/138920107781387393 

11.  Exposito O, Syklowska-Baranek K, Moyano E, Onrubia M, Bonfill M, Palazon J, Cusido RM. 

Metabolic responses of Taxus media transformed cell cultures to the addition of methyl 

jasmonate. Biotechnol Prog. 2010 Aug;26(4):1145–53. doi:10.1002/btpr.424 

12.  Li Y, Zhang G, Pfeifer BA. Current and Emerging Options for Taxol Production. In: Advances in 

Biochemical Engineering/Biotechnology. 2014 Dec. p. 405–25. doi:10.1007/10_2014_292 

13.  Selwal N, Rahayu F, Herwati A, Latifah E, Supriyono, Suhara C, Kade Suastika IB, Mahayu WM, 

Wani AK, Stander J, Mbewana S, Meyers AE. Enhancing secondary metabolite production in 

plants: Exploring traditional and modern strategies. J Agric Food Res. 2022 Jun;36:573–89. 

doi:10.1007/s40259-022-00544-8 

14.  Tabata H. Paclitaxel Production by Plant-Cell-Culture Technology. In: Advances in biochemical 

engineering/biotechnology. 2004. p. 1–23. doi:10.1007/b13538 

15.  Sykłowska-Baranek K, Pilarek M, Bonfill M, Kafel K, Pietrosiuk A. Perfluorodecalin-supported 

system enhances taxane production in hairy root cultures of Taxus x media var. Hicksii carrying 

a taxadiene synthase transgene. Plant Cell Tissue Organ Cult. 2015;120:1051–9. 

doi:10.1007/s11240-014-0659-1 

16.  Taura K, Yamamoto S, Hayashi S, Furusaki S, Shioya S. A new bioreactor for paclitaxel 

production based on foam separation. Asia-Pacific J Chem Eng. 2014 Jun;9:75–80. 

doi:10.1002/apj.1747 

17.  Ikram NKBK, Simonsen HT. A Review of Biotechnological Artemisinin Production in Plants. Front 

Plant Sci. 2017 Nov;8:1–10. doi:10.3389/fpls.2017.01966 

18.  Farhi M, Marhevka E, Ben-Ari J, Algamas-Dimantov A, Liang Z, Zeevi V, Edelbaum O, Spitzer-

Rimon B, Abeliovich H, Schwartz B, Tzfira T, Vainstein A. Generation of the potent anti-malarial 

drug artemisinin in tobacco. Nat Biotechnol. 2011 Dec;29(12):1072–4. doi:10.1038/nbt.2054 

19.  van Herpen TWJM, Cankar K, Nogueira M, Bosch D, Bouwmeester HJ, Beekwilder J. Nicotiana 

benthamiana as a Production Platform for Artemisinin Precursors. Yang H, editor. PLoS One. 

2010 Dec;5(12):e14222. doi:10.1371/journal.pone.0014222 

20.  Khairul Ikram NKB, Beyraghdar Kashkooli A, Peramuna AV, van der Krol AR, Bouwmeester H, 

Simonsen HT. Stable Production of the Antimalarial Drug Artemisinin in the Moss Physcomitrella 

patens. Front Bioeng Biotechnol. 2017 Aug;5. doi:10.3389/fbioe.2017.00047 

21.  Zeng Q, Qiu F, Yuan L. Production of artemisinin by genetically-modified microbes. Biotechnol 



De Remediis 
ISSN: 3058-0358 

Official Scientific Journal of Faculty of Pharmacy UD 

De Remediis Volume 1. Issue 1. 50-61. https://doi.org/ 10.71116/wrst8084 

Lett. 2008 Apr;30(4):581–92. doi:10.1007/s10529-007-9596-y 

22.  Abbasi BH, Liu R, Saxena PK, Liu CZ. Cichoric acid production from hairy root cultures of 

Echinacea purpurea grown in a modified airlift bioreactor. J Chem Technol Biotechnol. 2009 

Jun;84:1697–701. doi:10.1002/jctb.2233 

23.  Ruffoni B, Pistelli L, Bertoli A, Pistelli L. Plant Cell Cultures: Bioreactors for Industrial Production. 

In: Giardi MT, Rea G, Bera B, editors. Advances in Experimental Medicine and Biology. Austin, 

New York USA: Landes Bioscience, Springer Science+Business Media, LLC; 2010. p. 203–21. 

doi:10.1007/978-1-4419-7347-4_15 

24.  Yue W, Ming Q liang, Lin B, Rahman K, Zheng CJ, Han T, Qin L ping. Medicinal plant cell 

suspension cultures: pharmaceutical applications and high-yielding strategies for the desired 

secondary metabolites. Crit Rev Biotechnol. 2016 Mar;36(2):215–32. 

doi:10.3109/07388551.2014.923986 

25.  Tatsis EC, O’Connor SE. New developments in engineering plant metabolic pathways. Curr Opin 

Biotechnol. 2016 Apr;42:126–32. doi:10.1016/j.copbio.2016.04.012 

26.  Rusanov K, Atanassov A, Atanassov I. Engineering Cell and Organ Cultures from Medicinal and 

Aromatic Plants Toward Commercial Production of Bioactive Metabolites. In: Pavlov A, Bley T, 

editors. Bioprocessing of Plant In Vitro Systems Reference Series in Phytochemistry. Cham: 

Springer; 2018. p. 127–60. doi:10.1007/978-3-319-54600-1_8 

27.  Onoyovwe A, Hagel JM, Chen X, Khan MF, Schriemer DC, Facchini PJ. Morphine Biosynthesis 

in Opium Poppy Involves Two Cell Types: Sieve Elements and Laticifers. Plant Cell. 2013 

Oct;25(10):4110–22. doi:10.1105/tpc.113.115113 

28.  Alcantara J, Bird DA, Franceschi VR, Facchini PJ. Sanguinarine Biosynthesis Is Associated with 

the Endoplasmic Reticulum in Cultured Opium Poppy Cells after Elicitor Treatment. Plant 

Physiol. 2005 May;138:173–83. doi:10.1104/pp.105.059287 

29.  Cermak T, Doyle EL, Christian M, Wang L, Zhang Y, Schmidt C, Baller JA, Somia N V., 

Bogdanove AJ, Voytas DF. Efficient design and assembly of custom TALEN and other TAL 

effector-based constructs for DNA targeting. Nucleic Acids Res. 2011 Jul;39(12):e82. 

doi:10.1093/nar/gkr218 

30.  Gaj T, Gersbach CA, Barbas CF. ZFN, TALEN, and CRISPR/Cas-based methods for genome 

engineering. Trends Biotechnol. 2013 Jul;31(7):397–405. doi:10.1016/j.tibtech.2013.04.004 

31.  Nekrasov V, Staskawicz B, Weigel D, Jones JDG, Kamoun S. Targeted mutagenesis in the 

model plant Nicotiana benthamiana using Cas9 RNA-guided endonuclease. Nat Biotechnol. 

2013 Aug;31(8):691–3. doi:10.1038/nbt.2655 

32.  Schaeffer SM, Nakata PA. CRISPR/Cas9-mediated genome editing and gene replacement in 

plants: Transitioning from lab to field. Plant Sci. 2015 Nov;240:130–42. 

doi:10.1016/j.plantsci.2015.09.011 

33.  Razzaq A, Saleem F, Kanwal M, Mustafa G, Yousaf S, Imran Arshad HM, Hameed MK, Khan 

MS, Joyia FA. Modern Trends in Plant Genome Editing: An Inclusive Review of the 

CRISPR/Cas9 Toolbox. Int J Mol Sci. 2019 Aug;20:1–44. doi:10.3390/ijms20164045 

34.  Mipeshwaree Devi A, Khedashwori Devi K, Premi Devi P, Lakshmipriyari Devi M, Das S. 

Metabolic engineering of plant secondary metabolites: prospects and its technological 

challenges. Front Plant Sci. 2023 May;14:1–16. doi:10.3389/fpls.2023.1171154 



De Remediis 
ISSN: 3058-0358 

Official Scientific Journal of Faculty of Pharmacy UD 

De Remediis Volume 1. Issue 1. 50-61. https://doi.org/ 10.71116/wrst8084 

35.  Li B, Cui G, Shen G, Zhan Z, Huang L, Chen J, Qi X. Targeted mutagenesis in the medicinal 

plant Salvia miltiorrhiza. Sci Rep. 2017 Mar;7:1–9. doi:10.1038/srep43320 

36.  Dey A. CRISPR/Cas genome editing to optimize pharmacologically active plant natural products. 

Pharmacol Res. 2021 Feb;164:105359. doi:10.1016/j.phrs.2020.105359 

37.  Miralpeix B, Rischer H, Hakkinen S, Ritala A, Seppanen-Laakso T, Oksman-Caldentey KM, 

Capell T, Christou P. Metabolic Engineering of Plant Secondary Products: Which Way Forward? 

Curr Pharm Des. 2013;19(31):5622–39. doi:10.2174/1381612811319310016 

38.  Yesilirmak F, Sayers Z. Heterelogous expression of plant genes. Int J Plant Genomics. 2009 

Aug;2009:296482. doi:10.1155/2009/296482 

39.  Nakagawa A, Matsumura E, Koyanagi T, Katayama T, Kawano N, Yoshimatsu K, Yamamoto K, 

Kumagai H, Sato F, Minami H. Total biosynthesis of opiates by stepwise fermentation using 

engineered Escherichia coli. Nat Commun. 2016 Feb;7(10390):1–8. doi:10.1038/ncomms10390 

40.  Sadre R. Plant synthetic biology for human health: advances in producing medicines in 

heterologous expression systems. Curr Opin Biotechnol [Internet]. 2024 Jun;87:103142. 

doi:10.1016/j.copbio.2024.103142 

41.  Dudley QM, Jo S, Guerrero DAS, Chhetry M, Smedley MA, Harwood WA, Sherden NH, 

O’Connor SE, Caputi L, Patron NJ. Reconstitution of monoterpene indole alkaloid biosynthesis 

in genome engineered Nicotiana benthamiana. Commun Biol. 2022 Sep;5(1):1–12. 

doi:10.1038/s42003-022-03904-w 

42.  Shoseyov O, Posen Y, Grynspan F. Human collagen produced in plants. Bioengineered 

[Internet]. 2014 Jan;5(1):49–52. doi:10.4161/bioe.26002 

43.  Takeyama N, Kiyono H, Yuki Y. Plant-based vaccines for animals and humans: recent advances 

in technology and clinical trials. Ther Adv Vaccines. 2015 Sep;3(5–6):139–54. 

doi:10.1177/2051013615613272 

44.  Almagro L, López Perez AJ, Pedreño MA. New method to enhance ajmalicine production in 

Catharanthus roseus cell cultures based on the use of cyclodextrins. Biotechnol Lett. 2011 

Feb;33(2):381–5. doi:10.1007/s10529-010-0430-6 

45.  Changxing L, Galani S, Hassan F ul, Rashid Z, Naveed M, Fang D, Ashraf A, Qi W, Arif A, Saeed 

M, Chishti AA, Jianhua L. Biotechnological approaches to the production of plant-derived 

promising anticancer agents: An update and overview. Biomed Pharmacother. 2020 

Oct;132:110918. doi:10.1016/j.biopha.2020.110918 

46.  Cho HY, Son SY, Rhee HS, Yoon SYH, Lee-Parsons CWT, Park JM. Synergistic effects of 

sequential treatment with methyl jasmonate, salicylic acid and yeast extract on 

benzophenanthridine alkaloid accumulation and protein expression in Eschscholtzia californica 

suspension cultures. J Biotechnol. 2008 May;135(1):117–22. doi:10.1016/j.jbiotec.2008.02.020 

47.  Wei T, Gao Y, Deng K, Zhang L, Yang M, Liu X, Qi C, Wang C, Song W, Zhang Y, Chen C. 

Enhancement of tanshinone production in Salvia miltiorrhiza hairy root cultures by metabolic 

engineering. Plant Methods. 2019 May;15:1–11. doi:10.1186/s13007-019-0439-3 

48.  Grabowski GA, Golembo M, Shaaltiel Y. Taliglucerase alfa: An enzyme replacement therapy 

using plant cell expression technology. Mol Genet Metab. 2014 May;112(1):1–8. 

doi:10.1016/J.YMGME.2014.02.011 

49.  Plant-based Biologics Market Size & Industry Share|2022 - 2031. [online]. [Accessed 10 January 



De Remediis 
ISSN: 3058-0358 

Official Scientific Journal of Faculty of Pharmacy UD 

De Remediis Volume 1. Issue 1. 50-61. https://doi.org/ 10.71116/wrst8084 

2025]. Available from: https://www.researchdive.com/150/plant-based-biologics-market 

50.  Su H, van Eerde A, Rimstad E, Bock R, Branza-Nichita N, Yakovlev IA, Clarke JL. Plant-made 

vaccines against viral diseases in humans and farm animals. Front Plant Sci. 2023 Mar;14:1–

15. doi:10.3389/fpls.2023.1170815 

51.  Commission E. GMO legislation. [online]. Food Saf; 2018 March [Accessed 10 January 2025].  

Available from:https://food.ec.europa.eu/plants/genetically-modified-organisms/gmo-

legislation_en 

52.  Cartagena Protocol on Biosafety to the Convention on Biological Diversity. Ocean Yearb Online. 

2002;16(1):824–45. doi:10.1163/221160002X00376 

 


