
Molecular Biology of Plants: Structure and Function of 

DNA, Genetic Code, Transcription, Translation, and 

Regulation of Gene Expression 

Plant molecular biology studies the molecular mechanisms that control the storage, 

transmission, expression, and regulation of genetic information in plant cells. Although the 

fundamental principles of molecular biology are shared by most living organisms, plants 

possess several important characteristics that make their molecular organization especially 

interesting. A typical plant cell contains genetic information not only in the nucleus but also 

in chloroplasts and mitochondria. Plant development is strongly influenced by environmental 

factors such as light, temperature, water availability, mineral nutrition, salinity, and 

interactions with microorganisms. Plants therefore require highly coordinated mechanisms 

that connect genetic information with developmental programs and environmental signals. 

Understanding these mechanisms is essential for modern plant biotechnology, molecular 

breeding, functional genomics, and genome engineering. The fundamental flow of genetic 

information can be summarized by the central concept of molecular biology: DNA → RNA 

→ protein → cellular function → plant phenotype. However, this pathway is controlled at 

many levels, so the presence of a gene in the genome does not automatically mean that the 

gene is active or that its protein product is produced at the same level in every tissue. 

 

Figure 1. Molecular Biology of Plants: From DNA and Gene Expression to Functional 

Proteins and Plant Phenotype 

 

 



Structure and function of plant DNA 

DNA, or deoxyribonucleic acid, is the principal molecule responsible for storing 

hereditary information in plant cells. DNA is a polymer composed of repeating units called 

nucleotides. Each nucleotide consists of a phosphate group, the pentose sugar deoxyribose, 

and one of four nitrogenous bases: adenine (A), thymine (T), guanine (G), or cytosine (C). 

Nucleotides are connected by phosphodiester bonds to form a polynucleotide chain. DNA 

normally consists of two antiparallel strands organized into a double helix. One strand runs in 

the 5′→3′ direction, whereas the complementary strand runs in the 3′→5′ direction. 

Complementary base pairing occurs according to the general rule A–T and G–C. Adenine 

pairs with thymine, while guanine pairs with cytosine. This complementarity is fundamental 

because it enables DNA to be accurately copied and genetic information to be transmitted 

from one cell generation to another. 

The sequence of nucleotides represents biological information. A gene can therefore 

be considered a functional region of DNA whose information contributes to the production of 

a functional RNA molecule or, for protein-coding genes, ultimately to the production of a 

protein. However, genes are not simply continuous sequences coding for proteins. Eukaryotic 

plant genes usually contain regulatory regions, exons and introns. Exons are sequences 

retained in mature RNA after processing, whereas introns are removed from precursor RNA 

during splicing. Regulatory DNA sequences influence when, where, and how strongly a gene 

is expressed. Consequently, understanding plant DNA requires studying not only protein-

coding sequences but also the regulatory architecture surrounding genes. 

Most plant genomic DNA is located in the nucleus, where it is organized into 

chromosomes. DNA is associated with histone proteins and other proteins to form chromatin. 

Because plant genomes may contain extremely long DNA molecules, chromatin organization 

is necessary for compacting DNA inside the nucleus. Chromatin is not simply packaging 

material; its organization influences gene activity. Regions of relatively accessible chromatin 

are generally more available to transcriptional machinery, whereas highly condensed regions 

may be less transcriptionally active. Chromatin therefore creates an important connection 

between genome structure and gene regulation. 

Plant cells also contain DNA in chloroplasts and mitochondria. Chloroplast DNA is 

particularly important because chloroplasts carry out photosynthesis and contain genes 

involved in chloroplast function and gene expression. Mitochondrial DNA contains genes 

associated with mitochondrial processes, including cellular respiration. Therefore, the genetic 

system of a plant cell involves communication between three genomic compartments: nuclear 

genome + chloroplast genome + mitochondrial genome. Many proteins required by 

chloroplasts and mitochondria are actually encoded by nuclear genes, synthesized elsewhere 

in the cell, and subsequently transported into the appropriate organelle. Coordinated 

regulation among these genomes is essential for normal plant growth and development. 

Before a plant cell divides, its DNA must be copied through DNA replication. 

Replication is described as semiconservative because each newly produced DNA molecule 

contains one parental strand and one newly synthesized strand. DNA polymerases synthesize 

new DNA using an existing strand as a template and complementary base-pairing rules to 

determine the sequence. Accurate replication is essential for genome stability, but DNA can 

also undergo changes known as mutations. Mutations may involve single nucleotides, short 

insertions or deletions, larger structural changes, or changes in chromosome number. Some 



mutations have little detectable effect, some may be harmful, and others may contribute to 

genetic diversity that can be used during natural evolution or plant breeding. 

Genetic code 

The information contained in DNA must eventually be converted into functional 

molecules. For protein-coding genes, the relationship between nucleotide sequence and 

amino acid sequence is defined by the genetic code. During gene expression, DNA 

information is first copied into RNA, and the nucleotide sequence of messenger RNA is then 

interpreted during protein synthesis. The genetic code is read in groups of three nucleotides 

called codons. Each codon specifies an amino acid or provides a signal associated with 

translation. 

Because RNA contains uracil (U) instead of thymine (T), RNA codons are written 

using A, U, G, and C. There are 64 possible codons. Most encode amino acids, while several 

function as termination signals. The codon AUG commonly serves as a translation start 

codon and also encodes methionine. The codons UAA, UAG, and UGA generally function as 

stop codons. The genetic code is described as degenerate because several different codons 

can specify the same amino acid. At the same time, a particular codon normally specifies one 

particular amino acid or translational signal in the standard code. 

The correct reading frame is extremely important. If the nucleotide sequence is shifted 

by an insertion or deletion that changes the reading frame, all downstream codons can be 

altered. Such a frameshift mutation may dramatically change the resulting protein. In 

contrast, some nucleotide substitutions may be synonymous, meaning that the altered codon 

still specifies the same amino acid. Other substitutions are missense variants that change an 

amino acid, while nonsense variants can introduce a premature termination signal. The 

functional consequence depends on the location of the change and its effect on the resulting 

RNA or protein. 

Thus, the fundamental information relationship can be written as DNA nucleotide 

sequence → RNA codons → amino acid sequence → protein structure → protein function. 

Because proteins function as enzymes, receptors, transporters, structural components, 

transcription factors, and signaling molecules, changes in DNA can ultimately influence plant 

physiology and phenotype. 

Transcription in plant cells 

The first major stage of gene expression is transcription, during which information 

from DNA is copied into RNA. Transcription is performed by RNA polymerases. In 

eukaryotic plant cells, different RNA polymerases participate in producing different classes 

of RNA. For protein-coding genes, RNA polymerase II plays a particularly important role 

because it produces precursor messenger RNA. 

Transcription begins when transcriptional machinery recognizes regulatory regions 

associated with a gene. The promoter is a DNA region that contributes to determining where 

transcription begins and how gene activity is controlled. Regulatory proteins known as 

transcription factors interact with particular DNA sequences and influence the recruitment or 

activity of the transcriptional machinery. Once transcription begins, RNA polymerase uses 

one DNA strand as a template and synthesizes RNA in the 5′→3′ direction. 



The initial RNA produced from a typical plant protein-coding gene is not immediately 

ready for translation. It undergoes RNA processing. Important processing events include 

modification of the 5′ end, formation of the 3′ poly(A) tail, and splicing. During splicing, 

introns are removed and exons are joined to generate mature messenger RNA. This 

processing is important for RNA stability, transport, and translation. 

A particularly important mechanism is alternative splicing. The same precursor RNA 

can sometimes be processed in different ways, producing different mature transcripts. 

Consequently, a single gene can contribute to more than one RNA or protein isoform. 

Alternative splicing is important in plant development and environmental responses and adds 

another level of complexity between the genome and the final phenotype. 

After processing, mature mRNA can be transported from the nucleus to the 

cytoplasm, where it becomes available for translation. Therefore, transcription should not be 

viewed simply as mechanical copying of DNA. It is a highly regulated process in which 

promoter activity, transcription factors, chromatin state, RNA processing, RNA stability, and 

environmental signals can all influence the amount and type of RNA produced. 

Translation and protein synthesis 

Translation is the process through which the nucleotide sequence of messenger RNA 

is converted into the amino acid sequence of a protein. Translation occurs on ribosomes and 

requires mRNA, transfer RNA, ribosomal RNA, amino acids, and numerous associated 

factors. The ribosome moves along the mRNA and reads its sequence as codons. Transfer 

RNA molecules act as molecular adaptors. Each tRNA contains an anticodon capable of 

recognizing a complementary mRNA codon and carries the corresponding amino acid. 

Translation can be divided conceptually into initiation, elongation, and termination. 

During initiation, the translation machinery assembles around the appropriate start region of 

the mRNA. During elongation, amino acids are progressively added to the growing 

polypeptide chain according to the sequence of codons. When a stop codon is reached, 

translation terminates and the completed polypeptide is released. 

The newly synthesized polypeptide is not necessarily a fully functional protein 

immediately after translation. Proteins must fold into appropriate three-dimensional structures 

and may undergo post-translational modifications. These can affect protein activity, stability, 

localization, or interaction with other molecules. Some proteins are transported to particular 

cellular compartments such as the nucleus, chloroplast, mitochondrion, endoplasmic 

reticulum, vacuole, or plasma membrane. Protein localization is especially important in plants 

because cellular compartments perform highly specialized metabolic and regulatory 

functions. 

The complete pathway can therefore be expanded beyond the simple central dogma: 

DNA → transcription → pre-mRNA → RNA processing → mature mRNA → translation → 

polypeptide → folding and modification → functional protein → cellular process → 

phenotype. 

Regulation of gene expression in plants 



One of the most important concepts in plant molecular biology is that not all genes are 

active at the same time or in the same cells. A root cell and a leaf cell contain essentially the 

same nuclear genome, but they perform very different functions because different groups of 

genes are expressed. Gene regulation allows plants to establish different tissues, control 

development, respond to environmental changes, and coordinate metabolism. 

Gene expression can be regulated at several levels: chromatin and epigenetic 

regulation → transcriptional regulation → RNA processing → RNA stability → translation 

→ protein modification and degradation. Regulation at any of these stages can influence the 

final amount or activity of a protein. 

At the transcriptional level, promoters and transcription factors play major roles. 

Transcription factors are proteins that recognize particular DNA sequences and can increase 

or decrease transcription of target genes. A transcription factor may itself be regulated by 

developmental signals, plant hormones, environmental conditions, or interactions with other 

proteins. This creates regulatory networks rather than simple one-gene–one-response 

relationships. 

Plant hormones are major regulators of gene expression. Auxins, cytokinins, 

gibberellins, abscisic acid, ethylene, jasmonates, salicylic acid, brassinosteroids, and other 

signaling molecules influence numerous developmental and stress-response pathways. For 

example, hormonal signaling contributes to seed germination, root development, flowering, 

fruit development, senescence, responses to pathogens, and adaptation to water limitation. 

Hormones do not generally act independently; their signaling pathways interact extensively, 

creating complex regulatory networks. 

Light is another major regulator of plant gene expression. Because plants depend on 

photosynthesis, they have evolved sophisticated photoreceptor systems that detect different 

properties of the light environment. Light signals influence seed germination, seedling 

development, chloroplast formation, photosynthesis, circadian rhythms, flowering, and many 

other processes. Changes in light perception are transmitted through signaling pathways that 

eventually alter the activity of transcription factors and target genes. 

Plants must also respond to abiotic stresses such as drought, salinity, high and low 

temperatures, nutrient deficiency, and oxidative stress. Environmental perception activates 

signaling networks that alter gene expression. Some genes encode protective proteins, 

transporters, metabolic enzymes, antioxidant components, or regulatory proteins. A 

simplified stress-response pathway can be represented as environmental stress → cellular 

perception → signal transduction → transcription-factor activation → changes in gene 

expression → physiological response → adaptation or stress tolerance. 

Gene expression is also strongly influenced by biotic interactions. Plants continuously 

interact with bacteria, fungi, viruses, insects, and other organisms. Some interactions are 

pathogenic, while others are beneficial. Recognition of biological signals can activate defense 

pathways and modify expression of large groups of genes. Plant immune responses therefore 

provide an excellent example of how extracellular information is converted into changes in 

nuclear gene expression. 

Another important regulatory level is epigenetics. Epigenetic mechanisms alter gene 

activity without necessarily changing the underlying DNA nucleotide sequence. Important 



mechanisms include DNA methylation, histone modifications, and changes in chromatin 

organization. These modifications can affect how accessible particular DNA regions are to 

transcriptional machinery. Epigenetic regulation is important during plant development, 

responses to environmental conditions, genome stability, and control of transposable 

elements. 

Small regulatory RNAs provide another layer of control. MicroRNAs (miRNAs) and 

other small RNAs can recognize complementary RNA molecules and influence their stability 

or translation. In plants, small-RNA pathways participate in development, stress responses, 

genome defense, and regulation of numerous genes. Consequently, gene expression cannot be 

understood solely by examining promoters; regulation may occur before transcription, during 

RNA processing, after RNA synthesis, during translation, and after protein synthesis. 

From gene expression to plant phenotype 

A central challenge in plant molecular biology is connecting molecular events to 

observable characteristics. A phenotype usually results from multiple interacting levels. A 

genetic variant may alter gene regulation or protein structure; this may affect a metabolic or 

signaling pathway; the cellular change may influence tissue function; and the final result may 

become visible as a change in plant growth, flowering, pigmentation, productivity, stress 

response, or another characteristic. Therefore, the complete relationship is better represented 

as genome → epigenome → transcriptome → proteome → metabolome → cellular function 

→ physiological process → plant phenotype. 

This concept is important for plant bioengineering. Suppose a researcher identifies a 

gene whose expression increases during drought. The observation demonstrates an 

association between gene activity and drought response, but it does not by itself prove that 

the gene causes drought tolerance. Additional functional evidence is needed. Researchers 

may compare different genotypes, analyze the encoded protein, investigate regulatory 

pathways, or use functional genomics and genome-editing approaches to determine the gene's 

biological role. Modern molecular biology therefore emphasizes the distinction between 

correlation and causation. 

Molecular biology and plant bioengineering 

Knowledge of DNA structure, transcription, translation, and gene regulation provides 

the molecular foundation for virtually every plant bioengineering technology. Molecular 

markers depend on DNA variation. PCR allows selected genetic regions to be detected and 

analyzed. Sequencing provides nucleotide-level information about genes and genomes. 

Transcriptomics measures RNA populations and helps identify patterns of gene expression. 

Recombinant DNA technologies allow genetic constructs to be studied in biological systems. 

CRISPR/Cas and related genome-editing technologies allow researchers to investigate the 

functions of selected genomic regions. Bioinformatics integrates these data and helps connect 

sequence information with biological function. 

For example, when studying a plant characteristic such as disease resistance, the 

research pathway may be represented as phenotype identification → genomic analysis → 

candidate gene identification → gene-expression analysis → protein and pathway analysis → 

functional validation → molecular breeding or bioengineering → evaluation of the resulting 



phenotype. The same basic logic can be applied to nutritional characteristics, flowering time, 

plant architecture, environmental adaptation, or metabolic pathways. 

Modern plant molecular biology increasingly uses omics technologies. Genomics 

studies DNA at the genome scale; transcriptomics examines RNA populations; proteomics 

investigates proteins; metabolomics studies small molecules and metabolic products; 

epigenomics examines genome-wide epigenetic modifications. Integration of these datasets, 

often called multi-omics, provides a more complete picture of plant biology than studying a 

single molecular level in isolation. 

The relationship among these levels can be summarized as: 

Genome → what genetic information is present 

Transcriptome → which genes are being expressed 

Proteome → which proteins are present 

Metabolome → which metabolic products are formed 

Phenome → how these molecular processes appear as observable characteristics 

The future of plant molecular biology will increasingly depend on integrating these 

molecular datasets with high-throughput phenotyping, bioinformatics, artificial intelligence, 

and genome engineering. Nevertheless, all advanced technologies remain based on the same 

fundamental principles: DNA stores genetic information, transcription transfers selected 

information into RNA, translation converts protein-coding information into polypeptides, and 

regulatory systems determine when, where, and to what extent genes are expressed. 

Thus, the molecular biology of plants can be summarized through the sequence DNA 

→ gene → transcription → RNA processing → mRNA → translation → protein → cellular 

function → phenotype, while gene regulation controls every major transition in this pathway. 

DNA provides relatively stable genetic information, but the phenotype of a plant emerges 

from dynamic interactions among the genome, gene expression, cellular metabolism, 

developmental programs, and the environment. Understanding these relationships provides 

the molecular foundation for plant genetics, crop improvement, molecular breeding, plant 

biotechnology, functional genomics, and modern genome-editing technologies. 

 


