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campbell biology bacteria transformation us delves into one of the most
pivotal and transformative concepts in molecular biology and genetics. This
article provides a comprehensive exploration of bacterial transformation, a
fundamental process often detailed in Campbell Biology textbooks, and its
significant implications for scientific research and biotechnological
applications within the United States and globally. We will dissect the
mechanisms by which bacteria take up foreign DNA, understand the conditions
necessary for successful transformation, and examine the practical
applications, from gene cloning to the development of novel therapeutics.
This detailed examination aims to equip readers with a solid understanding of
this critical genetic engineering technique, highlighting its role in
advancing our knowledge of life at the molecular level and its tangible
impact on human health and industry.
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Understanding Bacterial Transformation: A
Cornerstone of Genetics
Bacterial transformation is a form of horizontal gene transfer where a
bacterial cell takes up naked DNA from its surroundings and incorporates it
into its own genome. This process is fundamental to understanding genetic
variation and evolution in prokaryotes. In the context of Campbell Biology,
the study of bacteria transformation US highlights how this relatively simple
mechanism underpins much of modern genetic engineering and molecular biology
research. The ability of bacteria to readily acquire and express foreign
genes has made them invaluable tools for scientists seeking to manipulate DNA
and study gene function.

This acquisition of exogenous genetic material can occur naturally or be
induced artificially in a laboratory setting. The implications of bacterial
transformation are far-reaching, impacting fields from medicine and
agriculture to industrial enzyme production. By understanding the intricate



molecular machinery that facilitates this DNA uptake, researchers can harness
this power for beneficial purposes, leading to advancements that were once
considered science fiction.

Natural vs. Artificial Transformation:
Mechanisms and Differences
Bacterial transformation can occur through two primary pathways: natural
competence and artificial competence. Natural competence is an innate ability
of certain bacterial species to take up DNA from their environment without
any external manipulation. This is a complex, genetically regulated process
involving specific proteins that form a DNA-binding and uptake machinery
across the bacterial cell envelope. Natural transformation plays a
significant role in bacterial evolution, allowing for the dissemination of
genetic diversity and adaptation to changing environments.

Artificial transformation, on the other hand, involves laboratory techniques
designed to artificially induce bacteria to take up foreign DNA. This is
typically achieved by making the bacterial cell membrane temporarily
permeable to DNA. While natural competence is observed in specific species
under certain conditions, artificial transformation methods can be applied to
a wider range of bacterial strains, making it a versatile tool for genetic
manipulation. The distinction is crucial for understanding experimental
design and the success rates of different transformation protocols.

Natural Transformation: The Evolutionary Advantage
Natural competence is a fascinating biological phenomenon where bacteria
possess inherent mechanisms to absorb DNA from their environment. This
ability is not universal and is regulated by specific gene clusters, often
referred to as competence genes. These genes encode for proteins that
assemble into a DNA-binding complex and a channel through the cell membrane.
When conditions are favorable, such as during starvation or high cell
density, these genes are activated, and the cell becomes competent. The
absorbed DNA can then be integrated into the bacterial chromosome through
homologous recombination, conferring new traits or repairing damaged genes.

The evolutionary significance of natural transformation is profound. It
provides bacteria with a mechanism to acquire new genes that can confer
advantages, such as antibiotic resistance, enhanced metabolic capabilities,
or improved survival rates in challenging conditions. This gene transfer
contributes to the rapid adaptation and evolution of bacterial populations,
making it a key driver of microbial diversity and resilience.

Artificial Transformation: Laboratory-Induced



Genetic Exchange
Artificial transformation is a cornerstone of modern biotechnology and
molecular genetics. It bypasses the natural limitations of competence by
employing physical or chemical treatments to transiently permeabilize
bacterial cell membranes. This allows foreign DNA, typically in the form of
plasmids or fragments, to enter the cytoplasm. The primary goal is to
introduce specific genes into bacteria to study their function, produce
proteins, or create genetically modified organisms for various applications.

Researchers meticulously optimize artificial transformation protocols to
achieve high transformation efficiencies, which is the number of cells that
successfully take up the foreign DNA. Factors such as the type of bacteria,
the nature of the foreign DNA, and the specific induction method all play a
critical role in the success of artificial transformation. The ability to
reliably transform bacteria in a laboratory setting has revolutionized our
capacity to engineer biological systems.

Key Components and Steps in Bacteria
Transformation
Successful bacteria transformation, whether natural or artificial, relies on
several key components and a series of precise steps. The foreign DNA, often
a plasmid carrying a gene of interest, is the crucial genetic element to be
introduced. The bacterial cells must be prepared to accept this DNA, and the
process needs to be facilitated by specific conditions. Understanding these
elements is essential for comprehending the entire transformation workflow.

The transformation process generally begins with preparing the foreign DNA
and the competent bacterial cells. Next, the DNA and cells are brought into
contact under conditions that promote DNA uptake. Following this exposure,
the cells are typically allowed to recover and express the introduced gene
before being selected for successful transformants. Each step is critical for
maximizing the efficiency and yield of the transformation.

The Role of Plasmids in Transformation
Plasmids are extrachromosomal, circular DNA molecules that are commonly used
as vectors in bacterial transformation. These small DNA entities replicate
independently of the bacterial chromosome and often carry genes that confer
beneficial traits, such as antibiotic resistance. In the context of
artificial transformation, scientists engineer plasmids to carry specific
genes of interest, such as those for producing therapeutic proteins or
enzymes. The presence of an origin of replication on the plasmid ensures that
it can be duplicated along with the bacterial cell, propagating the
introduced gene.

When a plasmid is introduced into a competent bacterial cell, it can be taken
up and replicated. If the plasmid also contains a selectable marker, such as



an ampicillin resistance gene, only those bacteria that have successfully
taken up the plasmid will survive when exposed to the antibiotic. This allows
researchers to easily identify and isolate the transformed bacteria from the
untransformed population, making plasmids indispensable tools for genetic
engineering.

The Competence Factor: Preparing Bacterial Cells
Competence refers to the physiological state of a bacterial cell that allows
it to readily take up exogenous DNA. While some bacteria are naturally
competent, many common laboratory strains require artificial induction. This
induction typically involves treatments that temporarily disrupt the cell
membrane's integrity or alter its surface charge, making it more receptive to
DNA entry. The choice of competence method depends on the bacterial species
and the desired transformation efficiency.

For instance, chemical treatments using calcium chloride (CaCl₂) are a common
method. Calcium ions neutralize the negative charges on both the bacterial
cell surface and the DNA, facilitating their interaction. Subsequent heat
shock then creates transient pores in the cell membrane, allowing the DNA to
enter. Alternatively, electroporation uses a brief electric pulse to create
temporary pores in the membrane, offering a highly efficient method for DNA
uptake.

The Transformation Procedure: From Mixing to
Selection
The practical procedure for bacteria transformation in a laboratory setting
typically involves several distinct stages. First, competent bacterial cells,
often harvested and treated with a chemical agent like calcium chloride, are
mixed with the purified foreign DNA. This mixture is then subjected to a
specific treatment to induce DNA uptake. A common method is heat shock, where
the mixture is briefly incubated at a high temperature (e.g., 42°C), followed
by chilling on ice.

Following the DNA uptake step, the bacteria are allowed a recovery period in
a nutrient-rich medium, enabling them to repair their membranes and begin
expressing the genes from the introduced DNA. Finally, the transformed
bacteria are plated on an agar medium containing a selective agent, such as
an antibiotic. Only bacteria that have successfully incorporated the plasmid
(which carries a gene conferring resistance to that antibiotic) will survive
and form colonies. This selection step is critical for isolating the desired
transformants.

The Significance of Competence in Bacteria
Competence is a pivotal factor that dictates the success of bacterial
transformation. It is the inherent or induced ability of bacterial cells to



bind and internalize extracellular DNA. Without adequate competence, even
with the most optimized protocols, the efficiency of DNA uptake will be
negligible. Understanding the molecular basis of competence, both natural and
artificial, is therefore central to mastering bacterial genetic manipulation.

The level of competence varies greatly among bacterial species and even
within different growth phases or conditions of the same species. For
researchers, achieving and maximizing competence is a primary objective when
setting up transformation experiments. This involves careful selection of
bacterial strains, precise control of growth conditions, and application of
appropriate induction methods.

Understanding Natural Competence Mechanisms
Natural competence is a programmed developmental process in many bacterial
species, meticulously orchestrated by a complex genetic and protein
machinery. This machinery, often referred to as the type IV pilus system, is
responsible for binding DNA from the environment and translocating it across
the cell envelope. Genes encoding these competence-specific proteins are
upregulated under specific environmental cues, such as nutrient scarcity or
the presence of signaling molecules.

The process involves several distinct steps: DNA binding to the cell surface,
transport of double-stranded DNA across the outer membrane, conversion to
single-stranded DNA, and finally, integration into the recipient cell's
chromosome via homologous recombination. This natural ability to acquire and
integrate foreign DNA has played a significant role in bacterial evolution,
allowing for the dissemination of beneficial genes and promoting genetic
diversity within populations.

Inducing Artificial Competence: Methods and
Optimizations
Artificial competence is induced in the laboratory to make bacteria
susceptible to DNA uptake, even if they are not naturally competent. The most
common methods leverage chemical treatments or physical manipulations.
Chemical methods often involve using divalent cations like calcium chloride
(CaCl₂) or magnesium chloride (MgCl₂), which neutralize the negative charges
on both the DNA and the bacterial cell membrane, facilitating DNA binding. A
subsequent heat shock then transiently increases membrane permeability,
allowing DNA to enter.

Another highly effective method is electroporation, which uses a brief, high-
voltage electric pulse to create temporary pores in the bacterial cell
membrane. This technique generally results in higher transformation
efficiencies compared to chemical methods and can be applied to a broader
range of bacterial species. Optimization of parameters such as the strength
and duration of the electric pulse, as well as the cell density and DNA
concentration, is crucial for maximizing success rates in artificial
competence induction.



Common Methods for Inducing Artificial
Transformation
The ability to efficiently introduce foreign DNA into bacterial cells is
paramount for genetic engineering and a wide array of biotechnological
applications. Several well-established methods have been developed to induce
artificial competence in bacteria, each with its own advantages and optimal
conditions. These techniques transform otherwise impermeable cells into
recipients of exogenous genetic material.

The choice of method often depends on the specific bacterial species being
used, the type of DNA being introduced, and the desired transformation
efficiency. Understanding the principles behind these methods is key to
successfully performing bacterial transformations in research and industrial
settings.

Chemical Transformation: Calcium Chloride Method
The calcium chloride (CaCl₂) method is one of the oldest and most widely used
techniques for artificial bacterial transformation. In this protocol,
bacterial cells are incubated with a high concentration of CaCl₂, typically
in a buffer solution. The calcium ions play a critical role in neutralizing
the negative charges present on the bacterial cell surface and the DNA
molecule. This charge neutralization reduces the electrostatic repulsion
between the DNA and the cell membrane, facilitating their interaction.

Following the incubation with CaCl₂, the mixture of cells and DNA is often
subjected to a brief heat shock, usually by transferring the sample to a
water bath at 42°C for a short period. This rapid temperature change is
believed to create transient pores or increase the fluidity of the cell
membrane, allowing the DNA to enter the cytoplasm. While effective for many
common laboratory strains like E. coli, its efficiency can vary, and it may
require further optimization for different bacterial species.

Electroporation: Leveraging Electrical Pulses
Electroporation is a highly efficient method for inducing bacterial
transformation that utilizes a brief, intense electrical field. Bacterial
cells are mixed with the foreign DNA in an electroporation cuvette containing
a conductive buffer. When a high-voltage electric pulse is applied across the
cuvette, it creates transient pores in the bacterial cell membrane. These
pores allow the DNA molecules to pass through the membrane and enter the
cell's cytoplasm.

Electroporation often yields significantly higher transformation efficiencies
compared to chemical methods, particularly for species that are difficult to
transform naturally. It is also a versatile technique that can be used to
introduce larger DNA molecules, such as BACs (Bacterial Artificial
Chromosomes). However, it requires specialized equipment (an electroporator)



and careful optimization of electrical parameters to avoid excessive cell
damage. The choice of buffer composition and cell preparation also plays a
crucial role in maximizing efficiency.

Other Inducible Methods: Beyond CaCl2 and
Electroporation
While calcium chloride treatment and electroporation are the most prevalent
methods, other techniques can also be employed to induce bacterial
competence. One such method involves the use of polyethylene glycol (PEG) or
other high-molecular-weight polymers, which can help in condensing the DNA
and facilitating its uptake by the bacterial cell. These methods are
sometimes used in conjunction with other treatments.

Another approach involves manipulating the bacterial growth conditions to
enhance natural competence. For example, some bacteria naturally become
competent under specific nutrient limitations or at certain stages of their
growth cycle. Researchers may try to replicate these environmental conditions
in the lab to promote natural DNA uptake. Furthermore, some specialized
protocols involve using detergents or altering the osmotic pressure of the
surrounding medium to increase membrane permeability, though these are less
common for standard laboratory transformations.

Applications of Bacteria Transformation in
Research and Industry
The ability to transform bacteria has revolutionized countless areas of
biological research and industrial production. This fundamental genetic
engineering technique serves as the bedrock for many advanced
biotechnological processes, enabling scientists to modify bacterial genomes
for specific purposes. From understanding gene function to producing life-
saving medicines, the applications are vast and continue to expand.

Bacteria transformation is not just a laboratory curiosity; it is a powerful
tool with tangible real-world impacts. Its applications span across diverse
fields, demonstrating the profound influence of this genetic manipulation
technique on scientific progress and societal well-being. The economic and
societal benefits derived from these applications are substantial.

Gene Cloning and Recombinant DNA Technology
Gene cloning is arguably one of the most significant applications of bacteria
transformation. Scientists can isolate a specific gene of interest from any
organism, insert it into a plasmid vector, and then transform bacterial cells
with this recombinant plasmid. The bacteria, acting as mini-factories, then
replicate the plasmid along with their own DNA, producing numerous copies of
the gene. This allows for the amplification of the gene for further study,



sequencing, or manipulation.

This process is the foundation of recombinant DNA technology, which enables
the creation of genetically modified organisms (GMOs) and the production of
valuable proteins. By cloning genes into bacteria, researchers can study gene
expression, protein function, and the complex pathways of life at a molecular
level. This has been instrumental in understanding disease mechanisms and
developing diagnostic tools.

Production of Therapeutic Proteins and Vaccines
The pharmaceutical industry heavily relies on bacteria transformation for the
mass production of therapeutic proteins and vaccines. Genes encoding human
proteins like insulin, growth hormone, or antibodies can be inserted into
plasmids and then transformed into bacteria, such as E. coli. These
genetically engineered bacteria then synthesize large quantities of the
desired therapeutic protein, which can be harvested and purified for medical
use.

Similarly, components of viruses or bacteria used in vaccines can be produced
through bacterial transformation. This method offers a more efficient, cost-
effective, and safer alternative to traditional methods of obtaining these
biological products, making vital medicines and vaccines more accessible to a
global population. The precision of this technology ensures the production of
highly pure and potent therapeutic agents.

Bioremediation and Environmental Applications
Bacteria transformation also plays a crucial role in environmental
applications, particularly in bioremediation. Scientists can genetically
engineer bacteria to enhance their ability to degrade pollutants, such as oil
spills, industrial waste, or pesticides. By introducing genes that encode
enzymes capable of breaking down these harmful substances, bacteria can be
equipped to clean up contaminated environments more effectively.

Furthermore, transformed bacteria can be used in biosensors to detect the
presence of specific contaminants in water or soil, providing early warning
systems for environmental hazards. This application highlights the potential
of genetic engineering to address pressing environmental challenges and
promote ecological sustainability. The development of these specialized
strains is a testament to the power of applied molecular biology.

Industrial Enzyme Production
Many industrial processes rely on enzymes to catalyze specific chemical
reactions. Bacteria transformation has enabled the cost-effective production
of a wide range of industrial enzymes used in detergents, food processing,
textiles, and biofuels. Genes encoding these enzymes are cloned into suitable
bacterial hosts, which then produce the enzymes in large quantities through



fermentation.

For example, enzymes used in laundry detergents to break down stains, or
enzymes used in the food industry for baking or brewing, are often produced
using genetically engineered bacteria. This biotechnological approach ensures
a consistent and affordable supply of these crucial biocatalysts,
contributing significantly to various manufacturing sectors. The efficiency
and scalability of this method are key to its widespread adoption.

Ethical Considerations in Bacteria
Transformation
While the scientific and practical benefits of bacteria transformation are
undeniable, the technology also raises important ethical considerations that
warrant careful examination and public discourse. The ability to manipulate
genetic material, even in microorganisms, carries responsibilities regarding
safety, containment, and potential unintended consequences.

Addressing these ethical dimensions is crucial for fostering public trust and
ensuring the responsible advancement of genetic technologies. A proactive and
transparent approach is essential for navigating the complex landscape of
genetic engineering and its societal implications.

Biosafety and Containment Measures
A primary ethical concern in bacteria transformation is ensuring biosafety
and implementing robust containment measures. When working with genetically
modified microorganisms, there is a potential risk of accidental release into
the environment, which could have unforeseen ecological impacts. Therefore,
laboratories conducting such research adhere to strict biosafety guidelines
and protocols to prevent any escape of engineered bacteria.

These measures include working in designated biosafety cabinets, using
sterilization techniques, and employing engineered safeguards in the bacteria
themselves (e.g., auxotrophy, where the bacteria cannot survive outside a
specific laboratory nutrient medium). Regulatory bodies play a vital role in
overseeing these safety standards and ensuring compliance. The focus is on
preventing horizontal gene transfer to wild-type organisms, which could lead
to the unintended spread of engineered traits.

Potential for Misuse and Environmental Impact
The power of genetic engineering, including bacteria transformation, also
carries the potential for misuse. Concerns exist about the development of
biological weapons or the unintended spread of engineered traits into natural
ecosystems. While stringent regulations and ethical oversight are in place to
mitigate these risks, continuous vigilance and international cooperation are
essential to prevent any negative outcomes.



Furthermore, the long-term environmental impact of releasing genetically
modified bacteria, even for beneficial purposes like bioremediation, needs to
be thoroughly assessed. Researchers must conduct comprehensive risk
assessments and employ careful monitoring strategies to ensure that these
applications contribute positively to the environment without causing
unforeseen harm. The principle of precaution guides many of these decisions.

Future Prospects of Bacteria Transformation
The field of bacteria transformation is continuously evolving, driven by
ongoing advancements in molecular biology techniques and a deeper
understanding of microbial genetics. Future prospects promise even more
sophisticated applications and novel approaches to harnessing the power of
bacterial genetic manipulation.

The trajectory of research suggests that bacteria transformation will remain
a cornerstone of biotechnology, enabling solutions to some of humanity's most
pressing challenges. The innovation in this area is rapid and has a profound
impact on various scientific and industrial sectors.

Advancements in Precision Gene Editing
Future advancements in bacteria transformation will likely be closely tied to
the development of more precise gene editing tools, such as CRISPR-Cas
systems. These technologies allow for highly specific modifications to the
bacterial genome, enabling scientists to make targeted changes with
unprecedented accuracy. This precision will open up new avenues for creating
highly specialized bacterial strains for tailored applications.

By combining advanced transformation techniques with precise gene editing,
researchers will be able to engineer bacteria with complex synthetic
pathways, create novel biological circuits, and develop more effective
therapeutic agents. The ability to fine-tune genetic modifications at the
molecular level will unlock new frontiers in synthetic biology and
personalized medicine.

Synthetic Biology and Engineered Microorganisms
Synthetic biology aims to design and construct new biological parts, devices,
and systems, or to re-design existing, natural biological systems for useful
purposes. Bacteria transformation is a fundamental tool in this burgeoning
field, allowing for the assembly of designed genetic circuits within
microbial hosts. This enables the creation of "designer bacteria" capable of
performing a wide range of functions, from producing biofuels and novel
materials to acting as targeted drug delivery systems.

The future will likely see a proliferation of engineered microorganisms
tailored for specific industrial, environmental, and medical applications.
The ability to program bacteria with novel genetic instructions will lead to



innovative solutions that were previously unimaginable, pushing the
boundaries of what is possible with biological systems.

Personalized Medicine and Microbial Therapeutics
The application of bacteria transformation in personalized medicine is an
exciting area of future development. Researchers are exploring the
possibility of engineering bacteria to act as living therapeutics, capable of
detecting disease markers within the body and delivering therapeutic
compounds directly to affected cells. This could revolutionize the treatment
of diseases like cancer and inflammatory disorders.

Furthermore, understanding and manipulating the human microbiome, the vast
community of bacteria residing in and on our bodies, is a rapidly growing
area of research. Bacteria transformation techniques will be crucial for
developing targeted probiotic therapies and for studying the complex
interactions between our bodies and the microbial world, paving the way for
more individualized and effective health interventions.

Q: What is the primary purpose of bacteria
transformation in a Campbell Biology curriculum?
A: In a Campbell Biology curriculum, the primary purpose of studying bacteria
transformation is to illustrate the fundamental principles of genetics,
molecular biology, and genetic engineering. It serves as a practical example
of how DNA can be manipulated, transferred between organisms, and how this
process can be used for scientific research and technological advancement.
Students learn about DNA structure, gene expression, the role of plasmids,
and laboratory techniques like heat shock or electroporation.

Q: How does natural bacteria transformation differ
from artificial bacteria transformation?
A: Natural bacteria transformation is a biological process where certain
bacteria inherently possess the ability to take up naked DNA from their
environment under specific conditions. This is a regulated, evolutionary
mechanism. Artificial bacteria transformation, on the other hand, involves
laboratory techniques that artificially induce bacterial cells to become
permeable to DNA, often using chemical treatments like calcium chloride or
physical methods like electroporation, regardless of the bacteria's natural
competence.



Q: What are plasmids, and why are they important in
bacteria transformation?
A: Plasmids are small, circular, extrachromosomal DNA molecules found in
bacteria that replicate independently of the bacterial chromosome. In
bacteria transformation, plasmids are crucial because they act as vectors –
carriers for foreign DNA. Scientists insert genes of interest into plasmids,
and then transform bacterial cells with these recombinant plasmids. The
bacteria then replicate the plasmids, amplifying the foreign gene, and often
expressing it, which is essential for gene cloning and protein production.

Q: What is meant by "competence" in the context of
bacteria transformation?
A: Competence refers to the physiological state of a bacterial cell that
allows it to readily bind and internalize extracellular DNA. Some bacteria
are naturally competent, meaning they have the genetic machinery to do this.
For other bacteria, competence must be artificially induced in a laboratory
setting through methods like chemical treatment or electroporation to make
their cell membranes temporarily permeable to DNA.

Q: What are some common lab techniques used to
induce artificial bacteria transformation?
A: The most common laboratory techniques used to induce artificial bacteria
transformation include the calcium chloride (CaCl₂) method, which involves
incubating cells with CaCl₂ and then applying a heat shock, and
electroporation, which uses a brief electrical pulse to create temporary
pores in the cell membrane. Other methods, like polyethylene glycol (PEG)
treatment, are also used.

Q: Can bacteria transformation be used to produce
medicines? If so, how?
A: Yes, bacteria transformation is widely used to produce medicines. Genes
encoding therapeutic proteins, such as insulin, human growth hormone, or
antibodies, are inserted into plasmids. These recombinant plasmids are then
used to transform bacteria, which then act as bio-factories, synthesizing
large quantities of the desired protein. This is a cost-effective and
efficient method for producing many biopharmaceuticals.

Q: What role does bacteria transformation play in
bioremediation?
A: Bacteria transformation is used in bioremediation to engineer bacteria



with enhanced capabilities to clean up environmental pollutants. Genes
encoding enzymes that can break down harmful substances like oil, pesticides,
or industrial waste can be introduced into bacteria, making them more
effective at degrading these contaminants in polluted soil or water.

Q: Are there ethical concerns associated with
bacteria transformation?
A: Yes, there are ethical concerns, primarily related to biosafety and the
potential for misuse. These include the risk of releasing genetically
modified organisms into the environment, the potential for creating
biological weapons, and the need for responsible containment measures.
Regulatory bodies and strict laboratory protocols are in place to address
these concerns.

Q: How are bacteria transformation techniques
contributing to the field of synthetic biology?
A: Bacteria transformation is a foundational technique in synthetic biology.
It allows scientists to insert custom-designed genetic circuits and pathways
into bacterial hosts, enabling the creation of "designer bacteria" engineered
to perform specific functions. This includes producing biofuels, novel
materials, or acting as sophisticated diagnostic or therapeutic agents.

Q: What is the significance of bacteria
transformation for understanding gene function?
A: Bacteria transformation is crucial for understanding gene function by
allowing scientists to introduce specific genes into bacteria and observe the
resulting effects. This includes studying gene expression, determining the
role of a gene in a metabolic pathway, or assessing the impact of gene
mutations. By manipulating genes in a controlled bacterial system,
researchers can deduce their biological roles.
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