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One of the strategies to overcome diseases or abiotic stress in crops is the use of improved varieties. Genetic
improvement could be accomplished through different methods, including conventional breeding, induced mutation,
genetic transformation, or gene editing. The gene function and regulated expression through promoters are
necessary for transgenic crops to improve specific traits. The variety of promoter sequences has increased in the
generation of genetically modified crops because they could lead to the expression of the gene responsible for the

improved trait in a specific manner.

transcription gene expression genetic engineering

1. Promoters and Their Importance in Genetically Modified
Crops

Sustainable maintenance in agriculture with a high productivity level has also been thanks to advances in plant
biotechnology, especially through the implementation of genetically modified crops. Therefore, the search and
availability of new promoters have been a high priority among researchers since they provide spatial and temporal
control in transgene expression. Over the years, various promoters have been identified in different organisms for
use in genetically modified plants because they are a potent tool in regulating gene expression leading to improved
traits [, The success of gene expression depends to a great extent on the use and efficient selection of promoters,

even being able to drive multiple transgenes by the same promoter in a single plant 23],

Promoters are located in the 5' region of a gene and are composed of a specific nucleotide sequence controlling
the expression of DNA in a physical, adjacent, and functional manner. In this way, gene regulation mainly depends
on these essential regulatory elements for transcription initiation . A DNA sequence located at the 5' end of the
coding region of a gene, which includes different binding regions for transcription factors, is known as a promoter
[l Promoters are divided into a central core and several regulatory regions, usually in the 5' region. The promoter
core may also have a TATA box (consensus DNA sequence rich in adenine and thymine) and an initiator element
that binds to transcription factors. It is already known that promoters can regulate the expression level of various
transgenes and, in turn, these can be obtained from different sources; thus, their classification is divided into pol Il
(constitutive, inducible, and tissue-specific) and pol Il (U3, U6); both are activated due to recognition by RNA

polymerases [,
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On the other hand, the initiator elements can signal the start of the transcription in specific promoters that lack a
TATA box . The recognition of plant promoters would generally involve identifying and characterizing genes
expressed in tissues or under conditions of some physiological stress [ to identify promoters activated in these
circumstances. The structurally characterized promoters could be fused with a coding sequence for later use in the
genetic transformation of plants [&; thus, the promoters are necessary to determine the expression of transgenes in

genetically modified crops (Figure 1).
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Figure 1. Gene structure, including the promoter region for a eukaryotic gene, encodes a protein. The gene

diagrammed here contains a TATA box and different regulatory elements in 5" and 3' regions.

The study of promoters is necessary to understand the regulation of gene expression in plants [&. The isolation of
genes could be used as a starting point for identifying the promoters which drive the expression of the isolated
gene. If the genome of the organism is already sequenced, basic local alignment tool (blast) analysis could be
performed using the query of the sequence of the isolated gene; then, the location of the promoters will be at the 5’
region of the coding sequence of the gene. In the case that the genome of an organism is not sequenced, first,
genes could be isolated through the creation of libraries, and once the gene sequence is known, the promoters of
corresponding genes could be searched using genome walking strategies, such as PCR-based techniques L1911,
The importance of isolating and identifying promoters lies in knowing which regions of interest are located on the 5'

side of a known genomic sequence.

Whole-genome sequencing of many plants has facilitated the isolation of promoters from genomes, in which
primers can be designed in the 5' region of the open reading frame 12. Once the promoter is isolated and
sequenced, in silico analysis can be performed using bioinformatics tools such as PlantCARE 2!, PlantProm DB
(24 iProm-Zea 15, and TSSPlant (28, Recent studies have shown that promoters play an essential role in
processes such as gene editing with clustered regularly interspaced short palindromic repeats/CRISPR-associated
protein 9 (CRISPR/Cas9), increasing the effectiveness and specificity in cutting double-stranded DNA. For
example, in soybean, the function of the gRNA and Cas9 expressed under the control of the double 35S

Cauliflower Mosaic Virus (CaMV) promoter was tested in hairy soybean roots where a high rate of mutations was
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obtained; which were even visualized in the next generation; opposite when using egg cell-specific promoters 17
[18]

| 2. Types of Promoters

Promoters can be classified as constitutive, tissue-specific, inducible, and synthetic. The classification will depend
on the function, type, and gene expression leve| [13][4]

| 3. Constitutive Promoters

Constitutive promoters are primarily used in plant transformation, promoting the expression of transgenes with
different purposes, whether resistant to diseases, biotic stress, or insects 12, One of the characteristics of the
constitutive promoters is that they maintain control of the genes during most of the plant development; the

expression levels will depend clearly on the type of cell with which they work. The 35S promoter derived from the

CaMV is genetically modified crops’ most popular constitutive promoter (Table 1).

Table 1. Constitutive promoters are used in the generation of genetically modified plants.

Promoter Source Expression References
Actl Actin gene, rice The whole plant, preferably monocots (20][21]
Alcohol dehvdrogenase Roots, meristematic tissue, endosperm, and
Adhl Y . g pollen (anaerobic regulation) preference in [22][23]
gene, maize
monocots
HSP18.2 Arabidopsis thaliana Leaves, vascular system [24]
ScBYV Bacilliform virus, sugarcane Leaves, vascular system, monocots, and [25]126]
dicots
Ubi-1 Ubiquitin gene, maize Protoplast, monocots.
RUBQ1/RUBQ2 Ubiquitin gene, rice Genes expression, monocots. (28]
Gmubi Soybean The whole plant (29]
CaMV35S Cauliflower mosaic virus Expression throughout. the plant, monocots, 30]
and dicots
nos Nopaline synthase gene, Expression throughout the plant, monocots, [31][32]
Agrobacterium tumefaciens and dicots
CmYLCV Cestrum Yellow Leaf Growth and development (23]

Curling Virus (CmYLCV)
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Promoter Source Expression References
KST1 Sl I Guard cell promoter 24]
(potato)
Culal1/Cula08 Cunnmghqm/a /apceolate Protoplast, monocots, and dicots 23]
(Chinese fir)

P OsConl1 Rice The whole plant, monocots, and dicots (6]
Immature embryo, embryogenic callus, 1sion with
TCTP Oil palm embryoid, a young leaflet from a mature palm, 1] enic cell

green leaf, mesocarp, and stem g

coparrorone nmeey BBl et e it e e e oo oot ver gt prore st orts e oower PGL4A.10,

Promega). Its activity has been characterized in cell lines and in vitro genetically modified banana plants 221401,

The native banana promoter demonstrates high activity in ‘Williams’ banana plants in vitro (Figure 2).
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Figure 2. (A) Determination of luciferase reporter gene activity of in vitro ‘Williams’ banana plants transformed with
the construct containing P35S::/luc2. Exposure time was 3 min in total darkness; the photo was captured using the
Stella 3200 equipment camera (Raytest, Straubenhardt, Germany). Luciferin dissolved in water (500 pm) was

applied to in vitro plants. ‘Live’ indicates luciferase enzyme activity detected under conditions of total darkness. (B)
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Luciferase activity in N. tabacum leaves agroinfiltrated for the luciferase reporter gene expression fused to the
CaMV 35S promoter (P35S::/luc2).

On the other hand, the characterization of the constitutive actin promoter demonstrated its efficacy in regulating
genes in rice protoplasts when fused to the B-glucuronidase (gus) gene 29, Like the study of ubiquitin genes, it has

provided highly expressed plant constitutive promoters, especially in monocotyledonous plants isolated from rice
41 and maize 42,

| 4. Tissue-Specific Promoters

In the case of specific promoters, these direct the gene expression in a particular tissue, which can happen in
different parts of the plant and at different stages 43, In plant tissue, promoters can control/initiate the expression

of a specific gene, such as in roots, seeds, or the vascular system (61,

For the expression of specific genes in genetically modified crops, it has been decided to use native or homologous
promoters since they present a high specificity guaranteeing a correct genetic transformation 44l In this concept,
Manavella and Chan 8 mention the importance of using tissue-specific promoters since it would allow for more
efficient crops 42! because the programmed regulation of the promoters is due to the correct expression of the
transcription factors 431, In this way, the study of vitamin A has been a public health problem worldwide, which is
why Paul et al. 48 performed the characterization and isolation of two banana promoters of the expansinl gene
(Expl) and a fruit-specific oxidase (ACO) promoter for increasing vitamin A or retinol. These promoters were fused
with the gus gene, and the activity of the fruit pulp was quantified by an ELISA assay, while fluorometric assays
were used for the leaves and peel to determine the enzymatic activity. Finally, it was possible to determine that the
prolonged maturation time of this fruit is essential to obtaining optimal concentrations of vitamin A. Few tissue-
specific promoters have tangible expressions; for instance, Ye et al. ¥4 characterized two new cis-regulatory
elements, GSE1 and GSE2. GSEL1 activates promoters in all green plant tissues, while GSE2 is a regulator in the

sheath and stem of plants, weakening gene expression 47,

Trivedi and Nath 8 performed the characterization and identification of the Expansin promoter for the first time,
concluding that exposure to ethylene induces the overexpression of MaEXPAL, which progressively increases in
the fruit and does not present expression in any other plant tissue. Furthermore, another four banana promoters
were analyzed during maturation exposed to ethylene (MaEXPA2, MaEXPA3, MaEXPA4, and MaEXPAS) for the

study in both dicots and monocots 48!,

Only the MaEXPA2 promoter was specific for the fruit and had a more robust expression, which is why it is
recommended for application in monocots. In contrast, the other promoters were expressed in different plant
tissues, although their competence could be analyzed in dicotyledonous plants #9. The MaEXPA1 promoter has

already been characterized and is active in fruit tissue.
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