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Introduction: Global climate change has damaged plant systems, their growth,
development and overall performance by increasing the frequency and intensity of
abiotic stresses. In response to environmental stresses, plants have evolved diverse
adaptive mechanisms, including the accumulation of adaptive solutes, such as glycine
betaine (GB), which plays a pivotal role in protecting cellular function under adverse
conditions. Also known as betaine, this substance is a methylated derivative of glycine
that reduces the harmful effects of stressful environments in plant species. GB is a low
molecular weight and highly soluble osmoprotectant. GB is mainly produced in roots
and vascular tissues and accumulates mainly in plastids and chloroplasts of young leaf
cells, where it plays a vital role in protecting thylakoid membranes and thus maintaining
the efficiency of photosynthesis. The level of GB accumulation is often directly related
to the level of plant resistance to abiotic stresses. Furthermore, the capacity for GB
accumulation varies among different plant genotypes. Among the protective roles of
glycine betaine are reducing the accumulation and detoxification of free radicals,
stabilizing membranes and macromolecules, and protecting components of the
photosynthetic system such as the Rubisco enzyme, enzymes, and tetramers, and
complex protein structures. Also, GB systematically modulates growth through
interaction with hormones and regulators such as auxin, gibberellin, cytokinin, abscisic
acid, salicylic acid, and jasmonic acid; as a result, this strategy increases the plant's
ability to cope with stress conditions by optimally allocating energy. GB production,
which is mainly synthesized from choline or glycine, follows distinct metabolic
pathways including the choline oxidation pathway (prevalent in plants and mammals),
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the direct glycine methylation pathway (specific to certain bacteria and halophytes), the
choline dehydrogenase pathway, and the serine metabolism pathway. Although the
glycine betaine biosynthetic pathway is not active in all plants, the choline oxidation
pathway is the main mechanism for the production of this metabolite in most higher
plants. This pathway is carried out through two consecutive enzymatic steps. The first
step involves the hydroxylation of choline by choline monooxygenase (CMO) to
betaine aldehyde, and the second step involves the irreversible oxidation of betaine
aldehyde to glycine betaine, catalyzed by the enzyme betaine aldehyde dehydrogenase
(BADH). Identification, transfer, and alteration of the expression pattern of genes
involved in the biosynthetic pathways of osmoprotectants, including glycine betaine,
lead to improved stress tolerance in plants. Currently, research on the use of engineered
plants or bacterial strains to enhance the synthesis of this osmolyte has mainly focused
on the strategy of transferring exogenous single genes encoding key enzymes. An
effective strategy to enhance abiotic stress tolerance in plants is through the stimulation
of GB biosynthesis. Recently, biotechnological interventions, such as Agrobacterium-
mediated transfection, have successfully enhanced stress tolerance in susceptible
species by overexpression of key genes, particularly cod4, BADH, GSMT and SDMT.

Aims: This review evaluates the various biosynthetic pathways, physiological
functions and molecular regulatory mechanisms of GB under environmental stress
conditions. Furthermore, it highlights advanced genetic engineering strategies aimed at
enhancing GB biosynthesis, thereby providing sustainable approaches to enhance crop
resistance to diverse environmental stresses.

Conclusion: Enhancing GB biosynthesis in plants has been recognized as an effective

strategy to improve plant tolerance to environmental stresses. In this regard, two main
approaches are commonly used: exogenous application and genetic engineering of GB
biosynthetic pathways. Both methods increase resistance to a range of abiotic stresses
by increasing GB accumulation and activating stress response pathways. External
application of GB is a simple and effective method to improve plant performance under
stress. However, its effectiveness depends on its absorption and translocation
efficiency, which varies depending on the plant species, tissue type, and application
method. Given the diversity of GB synthesis pathways and the identification of choline
and glycine as GB precursors in the choline oxidation and glycine methylation
pathways and the high ATP consumption in the glycine methylation pathway, by
identifying and studying the role of each of the related genes in these pathways,
especially the genes involved in enzyme synthesis, they can be used in breeding
programs to increase GB biosynthesis under abiotic stress conditions. Genetically
engineered products can automatically increase metabolite production and thus
increase overall stress resistance. Genetic engineering strategies focused on increasing
glycine betaine production and its accumulation in plant tissues under stress have
shown significant improvements in plant growth and development. Stimulating glycine
betaine production through the production of transgenic plants is an emerging
technology due to its ability to overcome the problems associated with conventional
modification of glycine betaine synthesis. These methods are mainly focused on
identifying target genes in the glycine betaine synthesis pathway in stress-tolerant
plants and microorganisms and cloning and transferring them to susceptible species
using various biotechnological methods such as Agrobacterium-mediated transfection.
The genes that have been most widely used in this regard include codA, BADH, GSMT,
SDMT. Furthermore, a deeper investigation of these biosynthetic pathways will
facilitate the identification and cloning of new target genes, ultimately maximizing GB
accumulation and increasing environmental resistance. However, the use of this method
as a sustainable approach compatible with green agriculture requires more detailed and
extensive research on the impact of genetic manipulation on human health and
nutrition.
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