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Learning Outcomes

By the end of this chapter, you will be able to:

Explain what microorganisms are.
Discuss the purpose of classifying organisms.
Show how microorganisms are named using binomial nomenclature.

List and describe fields of study in microbiology.

N2 I T

Discuss ancient findings that pointed to the presence of microorganisms and their link to

disease.

\

Identify the contributions of Hooke and van Leeuwenhoek to the discovery of

microorganisms.

= Explain the concept of spontaneous generation.

- Name some scientists and describe their experiments that discredited the theory of
spontaneous generation.

- Name prominent scientists and describe their contributions to the field of microbiology over

the years.

1.1 What Are Microbes?

1.1.1 Definition of Microorganisms

Microorganisms (microbes) are a diverse group of organisms that exist in vast numbers. They are
distinguished from plants and animals in that they have a simple structure without any highly
differentiated cells or tissues. They can be acellular, unicellular, and multicellular or exist in
aggregates of cells. There are many different types of microorganisms including prions, viroids,
viruses, archaea, bacteria, fungi and protists. A microbe is often described as an organism that is too
small to be seen with the unaided eye. Most are one millimeter or less in diameter but some such as
some fungi and photosynthetic filamentous microbes are large enough to be visible without
microscopes.

1.1.2 Classification of Microorganisms

There is a vast number and wide diversity of organisms on Earth. During the mid 1700’s a Swedish
botanist Carolus Linnaeus developed a taxonomic system for naming plants and animals and for
grouping similar organisms together. The science of classifying organisms is called taxonomy and the
groups making up the classification hierarchy are called taxa. Throughout the world we can find many
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millions of different forms of life. Biologic classification helps identify each form according to common

similarities using a set of rules and estimations of how closely related it is to a common ancestor

(evolutionary relationship) in a way to create an order. By learning to recognize certain patterns and

classify them into specific groups, biologists are better able to understand the relationships that exist

among organisms that inhabit the planet.

The first, largest, and most inclusive group under which organisms are classified is called a domain

and has three subgroups: bacteria, archaea, and eukarya. This first group defines whether an

organism is a prokaryote or a eukaryote. The domain was proposed by the microbiologist and

physicist Carl Woese in 1978 and is based on identifying similarities in ribosomal RNA sequences of

microorganisms.

The second largest group is called a
kingdom. Five major kingdoms have been
described and include prokaryota (e.g.
archaea and bacteria), protoctista (e.g.
protozoa and algae), fungi, plantae, and
animalia. A kingdom is further split into
phylum or division, class, order, family,
genus, and species, which is the smallest
group. Cladists group organisms that share
derived characters into clades. This type of
classification groups organisms as
descendants from common ancestors.

Classification of microorganisms has been
largely aided by studies of fossils and
recently by DNA sequencing. Methods of
classifications are constantly changing. The
most widely employed methods for
classifying microbes are morphological
characteristics, differential staining,
biochemical testing, DNA fingerprinting or
DNA base composition, polymerase chain
reaction, and DNA chips.

Bacteria

Animalia
(eukaryolic,
multicellulark
Fungi
{eukarvolic,

multicel lular)

Plantae
{cukarvoiic,
Protista multicellular)
(eukaryotic,
uni- or multicellular)
Archaebacteria
{prokaryotic,
. unicel lular)
Eubacteria
(prokaryotic,
wnicellular)

Universal
ancesior

Figure 1.1 Types of Microorganisms. This tree of life
shows the different types of microorganisms.

Bacteria are unicellular organisms. The cells are described as prokaryotes because they lack a

nucleus. They exist in three major shapes: bacillus (rod shape), coccus (spherical shape), and spirillum

(spiral shape). Most bacteria have a peptidoglycan cell wall; they divide by binary fission; and some
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possess flagella for motility. The difference in their cell wall structure is a major feature used in
classifying these organisms.

The Gram stain differentiates between Gram-
positive and Gram-negative bacteria based
on differences in their cell wall structure.
Bacteria can be further divided based on
their response to gaseous oxygen into the
following groups: aerobic (living in the
presence of oxygen), anaerobic (living
without oxygen), and facultative anaerobes
(can live in both environments).

According to the way they obtain energy,
bacteria are classified as heterotrophs or
autotrophs. Autotrophs make their own food g0 LS
by using the energy of sunlight or chemical
reactions, in which case they are called
chemoautotrophs. Heterotrophs obtain their
energy by consuming other organisms.
Bacteria that use decaying life forms as a
source of energy are called saprophytes.

Archaea

Archaea differ from true bacteria because
their cells wall structure is different and
archaean cell walls lack peptidoglycan. They
are prokaryotic cells with avidity to extreme
environmental conditions. Based on their
habitat, all archaeans can be divided into the
following groups: methanogens (methane-
producing organisms), halophiles (those that
live in salty environments), thermophiles
(those that live at extremely hot
temperatures), and psychrophiles (cold-

temperature archaeans). Archaeans use
different energy sources like hydrogen gas,
carbon dioxide, and sulphur. Some of them
use sunlight to make energy, but not the
same way plants do. They absorb sunlight
using their membrane pigment,
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bacteriorhodopsin. This reacts with light,
leading to the formation of the energy
molecule adenosine triphosphate (ATP).

Fungi

Fungi (mushroom, molds, and yeasts) are
eukaryotic cells (contain a membrane bound
nucleus). Most fungi are multicellular and
their cell wall is composed of chitin. They
obtain nutrients by absorbing organic
material from their environment
(decomposers), through symbiotic
relationships with plants (symbionts), or
harmful relationships with a host (parasites).
They form characteristic filamentous tubes
called hyphae that help absorb material. The
collection of hyphae is called mycelium.
Fungi reproduce by releasing spores.

Protozoa

Protozoa are unicellular aerobic eukaryotes.
They have a nucleus, complex organelles,
and obtain nourishment by absorption or
ingestion through specialized structures.
They make up the largest group of organisms
in the world in terms of numbers, biomass,
and diversity. Their cell walls are made up of
cellulose. Protozoa have been traditionally
divided based on their mode of locomotion:
flagellates produce their own food and use
their whip-like structure to propel forward,
ciliates have tiny hair that beat to produce
movement, amoeboids have false feet or
pseudopodia used for feeding and
locomotion, and sporozoans are non-motile.
They also have different means of nutrition,
which groups them as autotrophs or
heterotrophs.

Figure 1.4 Fungi

Figure 1.5 Protozoa
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Algae

Cyanobacteria or blue-green algae are
unicellular or multicellular eukaryotes that
obtain nourishment by photosynthesis. They
live in water, damp soil, and rocks and
produce oxygen and carbohydrates used by
other organisms. It is believed that
cyanobacteria are the origins of green land
plants.

Viruses

Viruses are non-cellular entities that consist
of a nucleic acid core (DNA or RNA)
surrounded by a protein coat. Although
viruses are classified as microorganisms,
they are not considered living organisms.
Viruses cannot reproduce outside a host cell
and cannot metabolize on their own. Viruses
often infest prokaryotic and eukaryotic cells
causing diseases.

Watch the video:

The Microbial Universe (video - 26.45 minutes)

Figure 1.6 Algae

Figure 1.7 Virus

The world of microorganisms is a dynamic one, and all other life forms depend on microbial

metabolic activity. Recent genetic research has uncovered only about one percent of the microbes

that remain to be discovered.

http://www.learner.org/vod/vod_window.htm!?pid=1363
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1.1.3 Nomenclature

Most microorganisms are named using a binomial nomenclature system based on the Linnaean
system of assigning two names to every organism. The first name is the Genus name and the second
name is the species name. Microorganisms’ names are italicized (or underlined if printed by hand).
The genus name is always capitalized; all other letters in the genus and species name are lowercase.

For example: The following is a list of bacterial names. What diseases does each of these organisms
cause? Canyou name some other types of microorganisms using binomial nomenclature?

Escherichia coli
Staphylococcus aureus
Clostridium tetani
Yersinia pestis

2 2 2

Chlamydia trachomatis

1.1.4 Study of Microbiology

Microbiology is the study of microscopic organisms (microbes). It began with Anton van
Leeuwenhoek's discovery of microorganisms in 1675, using a microscope of his own design.

Microbiology is a broad term that includes virology, mycology, parasitology, bacteriology,
immunology, and other branches. A microbiologist is a specialist in microbiology and these related
topics. Microbiological procedures usually must be aseptic and use a variety of tools such as light
microscopes with a combination of stains and dyes. As microbes are absolutely required for most
facets of human life (including the air we breathe and the food we eat) and are potential causes of
many human diseases, microbiology is paramount for human society. Microbiology typically also
includes the study of the immune system, or immunology. Generally, immune systems interact with
pathogenic microbes; these two disciplines often intersect which is why many colleges offer a paired
degree such as "Microbiology and Immunology. "

Research in the microbiology field is expanding, and in the coming years, we should see the demand
for microbiologists in the workforce increase. It is estimated that only about one percent of the
microorganisms present in a given environmental sample are cultivable and the number of bacterial
cells and species on Earth is still not possible to be determined. Recent estimates indicate that this
number might be extremely high at five to the power of thirty. Although microbes were directly
observed over three hundred years ago, the precise determination, quantitation, and description of
its functions are far from complete, given the overwhelming diversity detected by genetic and culture-
independent means.
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Applied Microbiology

The information gained by microbiologists can be applied to many medicinal and commercial
endeavours. There are many different types of applied microbiology, which can be briefly defined as
follows:

Medical Microbiology

Medical microbiology is the study of the pathogenic microbes and the role of microbes in human
illness. This includes the study of microbial pathogenesis and epidemiology and is related to the study
of disease pathology and immunology.

Pharmaceutical Microbiology

The study of microorganisms that are related to the production of antibiotics, enzymes, vitamins,
vaccines, and other pharmaceutical products. Pharmaceutical microbiology also studies the causes of
pharmaceutical contamination and spoil.

Industrial Microbiology

The exploitation of microbes for use in industrial processes. Examples include industrial fermentation
and wastewater treatment. Closely linked to the biotechnology industry. This field also includes
brewing, an important application of microbiology.

Microbial Biotechnology
The manipulation of microorganisms at the genetic and molecular level to generate useful products.
Food Microbiology and Dairy Microbiology

The study of microorganisms causing food spoilage and foodborne illness. Microorganisms can
produce foods, for example by fermentation.

Agricultural Microbiology

The study of agriculturally relevant microorganisms. This field can be further classified into the
following subfields:

Plant Microbiology and Plant Pathology
The study of the interactions between microorganisms and plants and plant pathogens.
Soil microbiology

The study of those microorganisms that are found in soil.
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Veterinary microbiology
The study of the role in microbes in veterinary medicine or animal taxonomy.
Environmental microbiology

The study of the function and diversity of microbes in their natural environments. This involves the
characterization of key bacterial habitats such as the rhizosphere and phyllosphere, soil and
groundwater ecosystems, open oceans or extreme environments (extremophiles). This field includes
other branches of microbiology such as: microbial ecology (microbial-mediated nutrient cycling),
geomicrobiology, (microbial diversity), water microbiology (the study of those microorganisms that
are found in water), aero microbiology (the study of airborne microorganisms) and epidemiology (the
study of the incidence, spread, and control of disease).

This is by no means an exhaustive list of the different types of applied microbiology, but gives an
indication of the expansive variety of the field and some of the benefits these studies entail.

1.2 Factorsin the Development of Microbiology

1.2.1 - The Beginnings of Microbiology

The possibility that microorganisms existed was discussed for many centuries before their actual
discovery in the 17th century. The Greek physician Hippocrates, the father of medicine (460-377 B.C.)
often called the "father of medicine" made detailed observations of disease how it was linked to
health and environment.

The existence of unseen microbiological life was postulated
by Jainism, which is based on Mahavira's teachings as early
as 6th century B.C. In his first century book, On Agriculture,
Roman scholar Marcus Terentius Varro was the first known
to suggest the possibility of disease spreading by yet unseen
organisms. In his book, he warns against locating a
homestead near swamps because "there are bred certain
minute creatures that cannot be seen by the eyes, which
floatin the air and enter the body through the mouth and
nose and there cause serious diseases. "

Figure 1.8 Hippocrates

Chapter1



http://creativecommons.org/licenses/by-sa/4.0/

In The Canon of Medicine (1020), Abu Aliibn Sina (Avicenna) hypothesized that tuberculosis and other
diseases might be contagious. In 1546, Girolamo Fracastoro proposed that epidemic diseases were
caused by transferable seed-like entities that could transmit infection by direct or indirect contact, or
even without contact over long distances.

All these early claims about the existence of microorganisms were speculative and were not based on
any data or science. Microorganisms were neither proven, observed, nor correctly and accurately
described until the 17th century and the invention of the microscope.

1.2.2 TheEarly Years

The Microscope and Discovery of Microorganisms

Antoine Van Leeuwenhoek (1632-1723) was one of the first people to observe microorganisms, a
microscope of his own design, and made one of the most important contributions to biology. Robert
Hooke was the first to use a microscope to observe living things. Hooke's 1665 book, Micrographia,
contained descriptions of plant cells. Before Leeuwenhoek's discovery of microorganisms in 1675, it
had been a mystery why grapes could be turned into wine, milk into cheese, or why food would spoil.
Leeuwenhoek did not make the connection between these processes and microorganisms, but using
a microscope, he did establish that there were forms of life that were not visible to the naked eye.
Leeuwenhoek's discovery, along with subsequent observations by Spallanzani and Pasteur, ended
the long-held belief that life spontaneously appeared from non-living substances during the process

of spoilage.
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Watch the video:

Animated Life: Seeing the Invisible (video - 6.31 min)

Summary: This animated feature celebrates 17th-century citizen-scientist Antoine van Leeuwenhoek,
whose discoveries of microbes changed our view of the biological world.

http://media.hhmi.org/biointeractive/films/Seeing-the-Invisible.html

Spontaneous Generation

Spontaneous generation is an obsolete body of thought on the formation of living organisms without
descent from similar organisms. Typically, the idea was that certain forms such as fleas could arise
from inanimate matter such as dust or that maggots could arise from dead flesh. A variant idea was
that of equivocal generation, in which species such as tapeworms arose from unrelated living
organisms, and now understood to be their hosts.

Doctrines held that these processes were commonplace and regular. Such ideas were in contradiction
to that of univocal generation: effectively exclusive reproduction from genetically related parent(s),
generally of the same species. The doctrine of spontaneous generation was coherently synthesized by
Aristotle, who compiled and expanded the work of prior natural philosophers and the various ancient
explanations of the appearance of organisms; it held sway for two millennia.

Francesco Redi (1626-1698)

Francesco Redi, son of Florentine physician Cecilia de’ Ghinci and Gregorio Redi, was born in Arezzo,
Italy, on 18 February 1626. He studied philosophy and medicine at the University of Pisa, graduating
on 1 May 1647. A year later, Redi moved to Florence and registered at the Collegio Medico. There he
served at the Medici Court as both the head physician and superintendent of the ducal pharmacy and
foundry. Redi was also a member of the Accademia del Cimento, which flourished from 1657-1667. It
was during this decade that Redi produced his most important works.

In 1668 Redi provided experimental evidence against spontaneous generation in insects, an
Aristotelian idea that at the time was widely accepted. This popular idea possibly arose from the
observations that worms and other parasites seemed to simply “emerge” from decaying plants and
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animals. However, using microscopy, Redi discovered an intricate system of reproduction in insects.
He examined the egg-producing apparatus and observed the structures of the eggs of a variety of

insect species. As a consequence of this work, Redi sought to challenge the doctrine of spontaneous
generation in lower animals.

Watch the following video:

Francesco Redi's Experiment (video - 2:05 min)

http://pacs-

room191.wikispaces.com/file/view/Spontaneous+Generation+from+Evolution+The+Grand+Experime
nt%2C+Book+and+Video+Series.mp4
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John Needham

John Turberville Needham FRS (10 September 1713 - 30 December 1781) was an English biologist and
Roman Catholic priest. He was first exposed to natural philosophy while in seminary school and later
published a paper that described the mechanics of pollen and won recognition in the botany
community.

He did experiments with gravy and later, tainted wheat, in
containers. This was in order to experiment with
spontaneous generation. The experiments consisted of
briefly boiling the broth mixture and then cooling the
mixture in an open container to room temperature. Later,
the containers would be sealed, and microbes would grow a
few days later. Those experiments seemed to show that
there was a life force that produced spontaneous
generation. Today, it is now known that the boiling time was
insufficient to kill any endospores of microbes and the

cooling of flasks left open to the air could cause microbial
contamination. It could also be ascertained that Needham
did not use proper sterile technique. His experiments were
later challenged and repeated by Lazzaro Spallanzani, an
Italian scientist. Using a slightly different protocol (with a
longer boiling time), Spallanzani did not have any microbes
grow in his sealed flasks, contradicting Needham's findings.

Lazarro Spallanzani

Lazzaro Spallanzani (1729-1799) found that boiling broth would sterilize it and kill any
microorganisms in it. He also found that new microorganisms could settle only in a broth if the broth
was exposed to the air. His findings contradicted Needham'’s findings and helped to discredit the
spontaneous generation theory along with Louis Pasteur’s experiments.

Edward Jenner

Edward Jenner (17 May 1749 - 26 January 1823) was an English physician and scientist who was the
pioneer of smallpox vaccine, the world's first vaccine. He is often called "the father of immunology",
and his work is said to have "saved more lives than the work of any other human".

Invention of the vaccine

Inoculation was already a standard practice, but involved serious risks. In 1721, Lady Mary Wortley
Montagu had imported variolation to Britain after having observed it in Istanbul, where her husband
was the British ambassador. Voltaire, writing of this, estimates that at this time 60% of the population
caught smallpox and 20% of the population died of it. Voltaire also states that the Circassians used
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the inoculation from times immemorial, and the custom may have been borrowed by the Turks from
the Circassians.

In the years following 1770, at least five investigators in England and Germany (Sevel, Jensen, Jesty
1774, Rendell, Plett 1791) successfully tested a cowpox vaccine in humans against smallpox. For
example, Dorset farmer Benjamin Jesty successfully vaccinated and presumably induced immunity
with cowpox in his wife and two children during a smallpox epidemic in 1774, but it was not until
Jenner's work some 20 years later that the procedure became widely understood. Indeed, Jenner may
have been aware of Jesty's procedures and success.

Noting the common observation that milkmaids were generally immune to smallpox, Jenner
postulated that the pus in the blisters that milkmaids received from cowpox (a disease similar to
smallpox, but much less virulent) protected them from smallpox.

On 14 May 1796, Jenner tested his hypothesis by inoculating James Phipps, an eight-year-old boy who
was the son of Jenner's gardener. He scraped pus from cowpox blisters on the hands of Sarah Nelmes,
a milkmaid who had caught cowpox from a cow called Blossom, whose hide now hangs on the wall of
the St George's medical school library. Phipps was the 17th case described in Jenner's first paper on
vaccination.

Jenner inoculated Phipps in both arms that day, subsequently producing in Phipps a fever and some
uneasiness, but no full-blown infection. Later, he injected Phipps with variolous material, the routine
method of immunization at that time. No disease followed. The boy was later challenged with
variolous material and again showed no sign of infection.

Donald Hopkins has written, "Jenner's unique contribution was not that he inoculated a few persons
with cowpox, but that he then proved [by subsequent challenges] that they were immune to
smallpox. Moreover, he demonstrated that the protective cowpox pus could be effectively inoculated
from person to person, not just directly from cattle. Jenner successfully tested his hypothesis on 23
additional subjects.

Louis Pasteur

Louis Pasteur (1822 - 1895) was a French chemist
and microbiologist renowned for his discoveries
of the principles of vaccination, microbial
fermentation and pasteurization.

Spontaneous generation was finally decisively
dispelled during the 19th century by the
experiments of Louis Pasteur. He expanded upon
the investigations of predecessors, such as
Francesco Redi who, in the 17th century, had
performed experiments based on the same
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principles.

Louis Pasteur's 1859 experiment is widely seen as
having settled the question.

In summary, Pasteur boiled a meat broth in a flask that had a long neck that curved downward, like a
goose. The idea was that the bend in the neck prevented falling particles from reaching the broth,
while still allowing the free flow of air. The flask remained free of growth for an extended period.
When the flask was turned so that particles could fall down the bends, the broth quickly became
clouded. In detail, Pasteur exposed boiled broths to air in vessels that contained a filter to prevent all
particles from passing through to the growth medium, and even in vessels with no filter at all, with air
being admitted via a long tortuous tube that would not allow dust particles to pass. Nothing grew in
the broths unless the flasks were broken open, showing that the living organisms that grew in such
broths came from outside, as spores on dust, rather than spontaneously generated within the broth.
This was one of the last and most important experiments disproving the theory of spontaneous
generation.

By sterilizing a food source and keeping it
isolated from the outside, Pasteur observed no
putrefaction of the food source (top panel). Upon
exposure to the outside environment, Pasteur
observed the putrefaction of the food source

Broth W|thout contamination

(bottom panel). This strongly suggested that the
components needed to create life do not [\ :
spontaneously arise.

e 'j »

- Organisms grew

Despite his experiment, objections from persons holding the traditional views persisted. Many of
these residual objections were routed by the work of John Tyndall, succeeding the work of Pasteur.
Ultimately, advances in germ theory and cell theory displaced the ideas of spontaneous generation.
Disproof of the traditional ideas of spontaneous generation is no longer controversial among
professional biologists. Objections and doubts have been dispelled by studies and documentation of
the life cycles of various life forms. However, the principles of the very different matter of the original
abiogenesis on this planet — of living from nonliving material — are still under investigation.

1-15



http://creativecommons.org/licenses/by-sa/4.0/

Watch the animation:
Pasteur's Experiment (animation and quiz)

Watch the animation of Pasteur’s experiment and complete the follow up quiz.

http://life9e.sinauer.com/life9e/pages/04/042001.html

1.2.3 - The Golden Age of Microbiology (1854-1914)

Beginning in about 1854 until the start of World War 1, many branches of microbiology were formed
and foundations were formed that led the way to modern microbiology. This period is called the
Classical or Golden Age of Microbiology. Most of the important microbial discoveries during this time
period revolved on limiting infectious diseases. While Pasteur and Koch helped show that
microorganisms caused contagious diseases, other scientists such as Semmelweis, Lister,
Nightingale, Snow, Jenner and Ehrich were pioneers in the fields of public health and epidemiology.

John Show

John Snow (1813 - 1858) was an English physician and a leader in the adoption of anaesthesia and
medical hygiene. He is considered one of the fathers of modern epidemiology, in part because of his
work in tracing the source of a cholera outbreak in Soho, London, in 1854. His findings inspired
fundamental changes in the water and waste systems of London, which led to similar changes in
other cities, and a significant improvement in general public health around the world.

Cholera

Snow was a sceptic of the then-dominant miasma theory that stated that diseases such as cholera
and bubonic plague were caused by pollution or a noxious form of "bad air". The germ theory of
disease had not yet been developed, so Snow did not understand the mechanism by which the
disease was transmitted. His observation of the evidence led him to discount the theory of foul air. He
first published his theory in an 1849 essay, On the Mode of Communication of Cholera, followed by a

Chapter1 1-16



http://creativecommons.org/licenses/by-sa/4.0/
http://life9e.sinauer.com/life9e/pages/04/042001.html

more detailed treatise in 1855 incorporating the results of his investigation of the role of the water
supply in the Soho epidemic of 1854.

Snow was a sceptic of the then-dominant miasma theory that stated that diseases such as cholera
and bubonic plague were caused by pollution or a noxious form of "bad air". The germ theory of
disease had not yet been developed, so Snow did not understand the mechanism by which the
disease was transmitted. His observation of the evidence led him to discount the theory of foul air. He
first published his theory in an 1849 essay, On the Mode of Communication of Cholera, followed by a
more detailed treatise in 1855 incorporating the results of his investigation of the role of the water
supply in the Soho epidemic of 1854.

By talking to local residents (with the help of Reverend Henry Whitehead), he identified the source of
the outbreak as the public water pump on Broad Street (now Broadwick Street). Although Snow's
chemical and microscopic examination of a water sample from the Broad Street pump did not
conclusively prove its danger, his studies of the pattern of the disease were convincing enough to
persuade the local council to disable the well pump by removing its handle. This action has been
commonly credited as ending the outbreak, but Snow observed that the epidemic might have already
been in rapid decline:

There is no doubt that the mortality was much diminished, as | said before, by the flight of the
population, which commenced soon after the outbreak; but the attacks had so far diminished
before the use of the water was stopped, that it is impossible to decide whether the well still
contained the cholera poison in an active state, or whether, from some cause, the water had
become free from it.

Snow later used a dot map to illustrate the cluster of cholera cases around the pump. He also used
statistics to illustrate the connection between the quality of the water source and cholera cases. He
showed that the Southwark and Vauxhall Waterworks Company was taking water from sewage-
polluted sections of the Thames and delivering the water to homes, leading to an increased incidence
of cholera. Snow's study was a major event in the history of public health and geography. It is
regarded as the founding event of the science of epidemiology.

Ignaz Semmelweis

Ignaz Semmelweis (1818 - 1865) was a Hungarian physician of German extract and was an early
pioneer of antiseptic procedures. Described as the "saviour of mothers", Semmelweis discovered that
the incidence of puerperal fever (also known as "childbed fever") could be drastically cut by the use of
hand disinfection in obstetrical clinics. Puerperal fever was common in mid-19th-century hospitals
and often fatal, with mortality at 10%-35%. Semmelweis proposed the practice of washing hands
with chlorinated lime solutions in 1847 while working in Vienna General Hospital's First Obstetrical
Clinic, where doctors' wards had three times the mortality of midwives' wards. He published a book of
his findings in Etiology, Concept and Prophylaxis of Childbed Fever.
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Despite various publications of results where hand washing reduced mortality to below 1%,
Semmelweis's observations conflicted with the established scientific and medical opinions of the
time and the medical community rejected his ideas. Some doctors were offended at the suggestion
that they should wash their hands and Semmelweis could offer no acceptable scientific explanation
for his findings. Semmelweis's practice earned widespread acceptance only years after his death,
when Louis Pasteur confirmed the germ theory and Joseph Lister, acting on the French
microbiologist's research, practiced and operated, using hygienic methods, with great success.

Florence Nightingale

Florence Nightingale, (1820 - 1910) was a celebrated English social reformer and statistician, and the
founder of modern nursing. She came to prominence while serving as a manager of nurses trained by
her during the Crimean War, where she organised the tending to wounded soldiers. She gave nursing
a highly favourable reputation and became an icon of Victorian culture, especially in the persona of
"The Lady with the Lamp" making rounds of wounded soldiers at night.

Florence Nightingale's most famous contribution came during the Crimean War, which became her
central focus when reports got back to Britain about the horrific conditions for the wounded.
Nightingale arrived early in November 1854 at Selimiye Barracks in Scutari (modern-day Uskiidar in
Istanbul). Her team found that poor care for wounded soldiers was being delivered by overworked
medical staff in the face of official indifference. Medicines were in short supply, hygiene was being
neglected, and mass infections were common, many of them fatal.

After Nightingale sent a plea to The Times for a government solution to the poor condition of the
facilities, the British Government commissioned Isambard Kingdom Brunel to design a prefabricated
hospital that could be built in England and shipped to the Dardanelles. The result was Renkioi
Hospital, a civilian facility that, under the management of Dr. Edmund Alexander Parkes, had a death
rate less than 1/10th that of Scutari.[15]

Nightingale still believed that the death rates were due to poor nutrition, lack of supplies, stale air and
overworking of the soldiers. After she returned to Britain and began collecting evidence before the
Royal Commission on the Health of the Army, she came to believe that most of the soldiers at the
hospital were killed by poor living conditions. This experience influenced her later career, when she
advocated sanitary living conditions as of great importance. Consequently, she reduced peacetime
deaths in the army and turned her attention to the sanitary design of hospitals and the introduction of
sanitation in working-class homes.
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Joseph Lister

Joseph Lister, (1827 - 1912), was a British surgeon and a pioneer of antiseptic surgery. Lister
successfully introduced carbolic acid (now known as phenol) to sterilise surgical instruments and to
clean wounds, which led to a reduction in postoperative infections and made surgery safer for
patients.

Until Lister's studies of surgery, most people believed that chemical damage from exposures to bad
air was responsible for infections in wounds. Hospital wards were occasionally aired out at midday as
a precaution against the spread of infection via miasma, but facilities for washing hands or a patient's
wounds were not available. A surgeon was not required to wash his hands before seeing a patient
because such practices were not considered necessary to avoid infection. Despite the work of Ignaz
Semmelweis and Oliver Wendell Holmes, Sr., hospitals practiced surgery under unsanitary conditions.
Surgeons of the time referred to the "good old surgical stink” and took pride in the accumulated
stains on their unwashed operating gowns as a display of their experience.

While he was a professor of surgery at the University of Glasgow, Lister became aware of a paper
published by the French chemist, Louis Pasteur, showing that fermentation and food spoilage could
occur under anaerobic conditions if microorganisms were present. Pasteur suggested three methods
to eliminate the microorganisms responsible: filtration, exposure to heat, or exposure to
solution/chemical solutions. Lister confirmed Pasteur's conclusions with his own experiments and
decided to use his findings to develop "antiseptic" techniques for wounds. As the first two methods
suggested by Pasteur were inappropriate for the treatment of human tissue, Lister experimented with
the third.

In 1834, Friedlieb Ferdinand Runge discovered phenol, also known as carbolic acid, which he derived
in an impure form from coal tar. At that time, there was uncertainty between the substance of
creosote - a chemical had been used to treat the wood used for railway ties and ships since it
protected the wood from rotting — and carbolic acid. Upon hearing that creosote had been used for
treating sewage, Lister began to test the efficacy of carbolic acid when applied directly to wounds.

Therefore, Lister tested the results of spraying instruments, the surgical incisions, and dressings with
a solution of carbolic acid. Lister found that the solution swabbed on wounds remarkably reduced the
incidence of gangrene. As the "germ theory of disease" became more widely accepted, it was realised
that infection could be better avoided by preventing bacteria from getting into wounds in the first
place. This led to the rise of sterile surgery. On the centenary of his death, in 2012, Lister was
considered by most in the medical field as "the father of modern surgery".
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Ferdinand Cohn

Ferdinand Julius Cohn (1828-1898) was a German biologist. His classification of bacteria into four
groups based on shape (spherical, short rods, threads, and spirals) is still in use today. Among other
things Cohn is remembered for being the first to show that Bacillus can change from a vegetative
state to an endospore state when subjected to an environment deleterious to the vegetative state. His
studies would lay the foundation for the classification of microbes and gave some of the first insights
into the incredible complexity and diversity of microbial life.

Robert Koch

Robert Heinrich Herman Koch (1843 - 1910) was a celebrated German physician and pioneering
microbiologist. The founder of modern bacteriology, he is known for his role in identifying the specific
causative agents of tuberculosis, cholera, and anthrax and for giving experimental support for the
concept of infectious disease. In addition to his trailblazing studies on these diseases, Koch created
and improved laboratory technologies and techniques in the field of microbiology, and made key
discoveries in public health. His research led to the creation of Koch’s postulates, a series of four
generalized principles linking specific microorganisms to specific diseases that remain today the
"gold standard" in medical microbiology. As a result of his ground-breaking research on tuberculosis,
Koch received the Nobel Prize in Physiology or Medicine in 1905.

Probably as important as his work on tuberculosis, for which he was awarded a Nobel Prize in 1905,
are Koch's postulates. These postulates stated that to establish that an organism is the cause of a
disease, it must be found in all cases of the disease examined. Additionally, it must be absent in
healthy organisms prepared and maintained in a pure culture capable of producing the original
infection, even after several generations in culture retrievable from an inoculated animal and cultured
again. By using his methods, Koch's pupils found the organisms responsible for diphtheria, typhoid,
pneumonia, gonorrhoea, cerebrospinal meningitis, leprosy, bubonic plague, tetanus, and syphilis.

Perhaps the key method Koch developed was the ability to isolate pure cultures, explained in brief
here. Pure cultures of multicellular organisms are often more easily isolated by simply picking out a
single individual to initiate a culture. This is a useful technique for pure culture of fungi, multicellular
algae, and small metazoan. Developing pure culture techniques is crucial to the observation of the
specimen in question. The most common method to isolate individual microbes and produce a pure
culture is to prepare a streak plate. The streak plate method is a way to physically separate the
microbial population and is done by spreading the inoculate back and forth with an inoculating loop
over the solid agar plate. Upon incubation, colonies will arise and single cells will have been isolated
from the biomass.

Hans Christian Gram

Hans Christian Joachim Gram (1853 - 1938) was a Danish bacteriologist noted for his development of
the Gram stain. In 1884 he developed a method for distinguishing between two major classes of
bacteria. This technique, the Gram stain, continues to be a standard procedure in medical
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microbiology. The stain later played a major role in classifying bacteria. Gram was a modest man, and
in his initial publication he remarked, "I have therefore published the method, although | am aware
that as yet it is very defective and imperfect; but it is hoped that also in the hands of other
investigators it will turn out to be useful." A Gram stain is made using a primary stain of crystal violet
and a counterstain of safranin. Bacteria that turn purple when stained are called 'Gram positive',
while those that turn red when counterstained are called 'Gram negative'.

Paul Ehrlich

Paul Ehrlich (14 March 1854 - 20 August 1915) was a German
physician and scientist who worked in the fields of hematology,
immunology, and antimicrobial chemotherapy. He invented the
precursor technique to Gram staining bacteria. The methods he
developed for staining tissue made it possible to distinguish between
different types of blood cells, which led to the capability to diagnose
numerous blood diseases.

His laboratory discovered arsphenamine (Salvarsan), the first
effective medicinal treatment for syphilis, thereby initiating and also

naming the concept of chemotherapy. He also made a decisive
contribution to the development of an antiserum to combat
diphtheria and conceived a method for standardizing therapeutic
serums. In 1908, he received the Nobel Prize in Physiology or
Medicine for his contributions to immunology.

1.2.5 The Modern Age of Microbiology

Visit the website:
Microbe World website (History of Microbiology)

Many microbiologists have contributed to the vast amount of scientific knowledge in the field of
microbiology as we know it today. Fifty of Microbiology’s most significant events from 1987 to the
present are presented on the American Society of Microbiology site, Microbe World.

http://www.microbeworld.org/history-of-microbiology
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The following is a brief sampling of scientists that have contributed to the field of microbiology today.

Frederick Griffith

Frederick Griffith (1879-1941) was a British bacteriologist whose focus was the epidemiology and
pathology of bacterial pneumonia. In January 1928 he reported what is now known as Griffith's
Experiment, the first widely accepted demonstrations of bacterial transformation, whereby a
bacterium distinctly changes its form and function.[1]

He showed that Streptococcus pneumoniae, implicated in many cases of lobar pneumonia,[2] could
transform from one strain into a different strain. The observation was attributed to an unidentified
transforming principle or transforming factor.[1] This was later identified as DNA.[3]

Sir Alexander Fleming

Sir Alexander Fleming (6 August 1881 - 11 March 1955) was
a Scottish biologist, pharmacologist and botanist. His best-
known discoveries are the enzyme lysozyme in 1923 and
the antibiotic substance benzyl penicillin (Penicillin G)
from the mould Penicillium notatum in 1928, for which he
shared the Nobel Prize in Physiology or Medicine in 1945
with Howard Florey and Ernst Boris Chain.

Fleming grew the mould in a pure culture and found that it
produced a substance that killed a number of disease-
causing bacteria. He identified the mould as being from
the Penicillium genus, and, after some months of calling it
"mould juice", named the substance it released penicillin
on 7 March 1929.[14] The laboratory in which Fleming
discovered and tested penicillinis preserved as the

Alexander Fleming Laboratory Museum in St. Mary's
Hospital, Paddington.

Fleming's accidental discovery and isolation of penicillin in September 1928 marks the start of
modern antibiotics. Before that, several scientists had published or pointed out that mould or
Penicillium sp. were able to inhibit bacterial growth, and even to cure bacterial infections in animals.

Fleming also discovered very early that bacteria developed antibiotic resistance whenever too little
penicillin was used or when it was used for too short a period. Almroth Wright had predicted antibiotic
resistance even before it was noticed during experiments. Fleming cautioned about the use of
penicillin in his many speeches around the world. He cautioned not to use penicillin unless there was
a properly diagnosed reason for it to be used, and that if it were used, never to use too little, or for too
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short a period, since these are the circumstances under which bacterial resistance to antibiotics
develops.

Visit the website:

Access Excellence website (Experiments that Inspire)

http://www.accessexcellence.org/AB/BC/Experiments_that_Inspire.html

Critical Thinking

Examine the Microbe World History of Microbiology website. List two scientists (not mentioned in this

chapter) from each time period listed below and discuss their major contributions to microbiology.
1870s-1880s | 1890s-1900s | 1910s-1920s | 1930s-1940s | 1950s-1960s | 1970s-Present

http://www.microbeworld.org/history-of-microbiology
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Review Questions

1. The first human disease shown to be caused by bacteria was?
a. anthrax
b. tuberculosis
C. toxic shock syndrome

d. diphtheria

2. Which of the following does NOT apply to microorganisms?
a. microorganisms help recycle waste products through decomposition.
b. microorganisms participate in the carbon cycle and the nitrogen cycle.
C. microorganisms are very diverse.
d. microorganisms are unicellular organisms.
3. Spontaneous generation was a theory defined by:
a. Robert Hooke
b. Aristotle
C. Francesco Redi
d. Louis Pasteur
4, Which of the following is mismatched?
a. Leeuwenhoek: one of the first to observe microorganisms through the
microscope
b. Spallanzani: discovered that boiling broth will sterilize it by killing any

microorganisms
C. Pasteur: developed the germ theory

d. Koch: developed a classification of bacteria into groups based on shape
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=is able to cause harmful disease.

immunogen
chemoautotrophy
pathogenic

anaphylactic shock

An organism in a partnership with another such that each profits from their being

together.

a. metazoa
b. antagonist
C. symbiote
d. partner

In repeating Pasteur’s grape juice experiment with swan-necked flasks, one of your

samples becomes acidic and turbid by the end of the incubation period. Which of the

following statements best describes what was done to this sample, if your experimental

results confirm Pasteur’s results? Choose one answer.

a.

b.

The sample was heat-treated and was then inoculated with yeast.
The sample was heat-treated and was then inoculated with bacteria.
This sample was only heat-treated.

None of the above

Which of the following statements about microbes is false? Choose one answer.

All microbes, except viruses, are distributed throughout the three domains of life.

Microbes are parasites, except for eukaryotic microbes.
Most microbes are harmless, while others cause disease.

Microbes have genetic material, except for prions.
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10.

11.

12.

13.

a. Florence Nightingale
b. Ignaz Semmelweis
C. Joseph Lister

d. Paul Erlich

Which of the following is a noncellular entity?

a. virus

b. fungus

C. protozoa
d. algae

What property of archaea differentiates it from bacteria?

a. archaea live in soil.

b. archaea lack peptidoglycans.
C. archaea are noncellular.

d. archaea do not have a nucleus

Which of these is not a eukaryote?

a. fungi

b. algae

C. protozoa
d. bacteria

In which environmental condition do microbes survive?

a. low oxygen levels
b. high salt content
C. limited water

d. all of the above

introduced phenol as a sterilizing agent in into surgery practices.
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14. = investigator that used cowpox to protect individuals from smallpox:

a. Lady Mary Wortley Montagu
b. Edward Jenner
C. John Needham
d. Louis Pasteur
15. A method of differentiating bacterial species into two large groups based on differences

in their cell wall structure is:

a. acid fast stain
b. plating out on solid media
C. Gram stain
d. miasma theory
16. A polymer of glycan and peptides found in bacterial cell walls.
a. cellulose
b. mycolic acid
C. cording factor

d. peptidoglycan

17. Vaccination is an example of
a. active immunization
b. chemotherapy
C. passive immunization
d. aseptic technique
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18. Which of the following is a branch of microbiology?

a. parasitology

b. virology

C. immunology
d. all of the above

19. What contributions did Robert Koch make to the field of microbiology?

a. used Petri plates to culture organisms
b. first photomicrograph of bacteria
C. simple staining of microorganisms
d. all of the above
20. Alexander Fleming discovered that bacteria produce antibiotic resistance.
a. True
b. False

21. Frederick Griffith discovered:

a. bacterial conjugation

b. bacterial transduction

C. bacterial translation

d. bacterial transformation

22. Prokaryotes lack:

a. cytoplasm

b. chromosome
C. nucleus

d. nucleoid
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23. A collection of mycelium is called hyphae.
a. True
b. False
24, All protozoans are heterotrophic.
a. True
b. False
25. Cyanobacteria are photosynthetic:
a. True
b. False
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Learning Outcomes

By the end of this chapter you will be able to:

- Define key terms: adhesion, atom, atomic mass, atomic number, buffer, covalent bond,
cohesion, compound, electrolyte, electron, element, evaporation, hydrogen bond,
hydrophilic, hydrophobic, isomer, isotope, mass, matter, pH, proton, solvent, surface tension

= Discuss the properties of water that make it critical to maintaining life

= Discuss the properties of carbon that make it essential for biological molecules

- Differentiate between ionic and covalent bonds

= Discuss why hydrogen bonds and van der Walls interactions are necessary for cells

= Discuss how buffers prevent drastic swings in pH

2.1 Introduction

All matter whether it is abiotic or biotic is composed of elements. Some of the most abundant
elements in living organisms include carbon, hydrogen, nitrogen, oxygen, sulfur, and phosphorus.
These form the nucleic acids, proteins, carbohydrates, and lipids that are the fundamental
components of living matter.

At its most fundamental level, life is made up of matter. Matter is any substance that occupies space
and has mass. Elements are unique forms of matter with specific chemical and physical properties
that cannot be broken down into smaller substances by ordinary chemical reactions. There are 118
elements, but only 92 occur naturally. The remaining elements are synthesized in laboratories and are
unstable.

Each element is designated by its chemical symbol, which is a single capital letter or, when the first
letter is already “taken” by another element, a combination of two letters. Some elements follow the
English term for the element, such as C for carbon and Ca for calcium. Other elements’ chemical
symbols derive from their Latin names; for example, the symbol for sodium is Na, referring to natrium,
the Latin word for sodium.

The four elements common to all living organisms are oxygen (0), carbon (C), hydrogen (H), and
nitrogen (N). In the non-living world, elements are found in different proportions, and some elements
common to living organisms are relatively rare on the earth as a whole, as shown in Table 2.1. For
example, the atmosphere is rich in nitrogen and oxygen but contains little carbon and hydrogen,
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while the earth’s crust, although it contains oxygen and a small amount of hydrogen, has little
nitrogen and carbon. In spite of their differences in abundance, all elements and the chemical
reactions between them obey the same chemical and physical laws regardless of whether they are a
part of the abiotic or biotic world.

Approximate Percentage of Elements in Living Organisms (Humans) Compared
to the Non-living World

Element Life (Humans) Atmosphere Earth’s Crust
Croygen () B5% 21% 46%
Carbon (C) 18% trace trace
Hydrogen (H) 10% trace 0.1%
Mitrogen (N} 3% 78% trace
2.2 Atoms

2.2.1 Structure of an Atom

An atom is the smallest unit of matter that retains all of the chemical properties of an element. For
example, one gold atom has all of the properties of gold in that it is a solid metal at room
temperature. A gold coin is simply a very large number of gold atoms moulded into the shape of a
coin and containing small amounts of other elements known as impurities. Gold atoms cannot be
broken down into anything smaller while still retaining the properties of gold.

An atom is composed of two regions: the D e,
nucleus, which is in the center of the atom Neutrons

and contains protons and neutrons, and the

outermost region of the atom which holds its
electrons in orbit around the nucleus, as Elockons — Nucleus
illustrated in Figure 2.1. Atoms contain

protons, electrons, and neutrons, among

other subatomic particles. The only Prolons
exception is hydrogen (H), which is made of
one proton and one electron with no

neutrons.
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Protons and neutrons have approximately the same mass, about 1.67 x 10 ** grams. Scientists
arbitrarily define this amount of mass as one atomic mass unit (amu) or one Dalton, as shown in Table
2.2. Although similar in mass, protons and neutrons differ in their electric charge. A proton is
positively charged whereas a neutron is uncharged. Therefore, the number of neutrons in an atom
contributes significantly to its mass, but not to its charge. Electrons are much smaller in mass than
protons, weighing only 9.11 x 10*® grams, or about 1/1800 of an atomic mass unit. Hence, they do not
contribute much to an element’s overall atomic mass. Therefore, when considering atomic mass, it is
customary to ignore the mass of any electrons and calculate the atom’s mass based on the number of
protons and neutrons alone. Although not significant contributors to mass, electrons do contribute
greatly to the atom’s charge, as each electron has a negative charge equal to the positive charge of a
proton. In uncharged, neutral atoms, the number of electrons orbiting the nucleus is equal to the
number of protons inside the nucleus. In these atoms, the positive and negative charges cancel each
other out, leading to an atom with no net charge.

Accounting for the sizes of protons, neutrons, and electrons, most of the volume of an atom—greater
than 99 percent—is, in fact, empty space. With all this empty space, one might ask why so-called solid
objects do not just pass through one another. The reason they do not is that the electrons that
surround all atoms are negatively charged and negative charges repel each other.

Protons, Neutrons, and Electrons

Charge Mass (amu) Location

Proton |[+1 1 nucleus
Meutron (0 1 nucleus
Electron [-1 0 orbitals

2.2.2 Atomic Number and Mass

Atoms of each element contain a characteristic number of protons and electrons. The number of
protons determines an element’s atomic number and is used to distinguish one element from
another. The number of neutrons is variable, resulting in isotopes, which are different forms of the
same atom that vary only in the number of neutrons they possess. Together, the number of protons
and the number of neutrons determine an element’s mass number, as illustrated in Figure 2.1. Note
that the small contribution of mass from electrons is disregarded in calculating the mass number.
This approximation of mass can be used to easily calculate how many neutrons an element has by
simply subtracting the number of protons from the mass number. Since an element’s isotopes will
have slightly different mass numbers, scientists also determine the atomic mass, which is the
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calculated mean of the mass number for its naturally occurring isotopes. Often, the resulting number
contains a fraction. For example, the atomic mass of chlorine (Cl) is 35.45 because chlorine is
composed of several isotopes, some (the majority) with atomic mass 35 (17 protons and 18 neutrons)
and some with atomic mass 37 (17 protons and 20 neutrons).

Atomic number

6 6
C Chemical C
12 symbol 13

Mass number

How many neutrons do carbon-12 and carbon-13 have, respectively?

2.2.3 Isotopes

Isotopes are different forms of an element that have the same number of protons but a different
number of neutrons. Some elements—such as carbon, potassium, and uranium—have naturally
occurring isotopes. Carbon-12 contains six protons, six neutrons, and six electrons; therefore, it has a
mass number of 12 (six protons and six neutrons). Carbon-14 contains six protons, eight neutrons, and
six electrons; its atomic mass is 14 (six protons and eight neutrons). These two alternate forms of
carbon are isotopes. Some isotopes may emit neutrons, protons, and electrons, and attain a more
stable atomic configuration (lower level of potential energy); these are radioactive isotopes, or
radioisotopes. Radioactive decay (carbon-14 losing neutrons to eventually become carbon-12)
describes the energy loss that occurs when an unstable atom’s nucleus releases radiation.

2.2.4 The Periodic Table

The different elements are organized and displayed in the periodic table. Devised by Russian chemist
Dmitri Mendeleev (1834-1907) in 1869, the table groups elements that, although unique, share certain
chemical properties with other elements. The properties of elements are responsible for their physical
state at room temperature: they may be gases, solids, or liquids. Elements also have specific chemical
reactivity, the ability to combine and to chemically bond with each other.
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In the periodic table, shown in Figure 2.3, the elements are organized and displayed according to their
atomic number and are arranged in a series of rows and columns based on shared chemical and
physical properties. In addition to providing the atomic number for each element, the periodic table
also displays the element’s atomic mass. Looking at carbon, for example, its symbol (C) and name

appear, as well as its atomic number of six (in the upper left-hand corner) and its atomic mass of
12.11.

Periodic Table of the Elements
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Figure 2.3 The periodic table shows the atomic mass and atomic number of each element. The atomic number
appears above the symbol for the element and the approximate atomic mass appears below it.

The periodic table groups elements according to chemical properties. The differences in chemical
reactivity between the elements are based on the number and spatial distribution of an atom’s
electrons. Atoms that chemically react and bond to each other form molecules. Molecules are simply
two or more atoms chemically bonded together. Logically, when two atoms chemically bond to form
a molecule, their electrons, which form the outermost region of each atom, come together first as the
atoms form a chemical bond.
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2.2.5 Electron Shells and the Bohr Model

It should be stressed that there is a connection between the number of protons in an element, the
atomic number that distinguishes one element from another, and the number of electrons it has. In all
electrically neutral atoms, the number of electrons is the same as the number of protons. Thus, each
element, at least when electrically neutral, has a characteristic number of electrons equal to its
atomic number.

An early model of the atom was developed in 1913 by Danish scientist Niels Bohr (1885-1962). The
Bohr model shows the atom as a central nucleus containing protons and neutrons, with the electrons
in circular orbitals at specific distances from the nucleus, as illustrated in Figure 2.6. These orbits form
electron shells or energy levels, which are a way of visualizing the number of electrons in the
outermost shells. These energy levels are designated by a number and the symbol “n.” For example,
1n represents the first energy level located closest to the nucleus.

The Bohr model, Figure 2-4 was developed by Niels Bohrs in 1913. In this model, electrons exist within
principal shells. An electron normally exists in the lowest energy shell available, which is the one
closest to the nucleus. Energy from a photon of light can bump it up to a higher energy shell, but this
situation is unstable, and the electron quickly decays back to the ground state. In the process, a
photon of light is released.

Electrons fill orbitals in a consistent order: they first fill the orbitals closest to the nucleus, then they
continue to fill orbitals of increasing energy further from the nucleus. If there are multiple orbitals of
equal energy, they will be filled with one electron in each energy level before a second electron is
added. The electrons of the outermost energy level determine the energetic stability of the atom and
its tendency to form chemical bonds with other atoms to form molecules.

Under standard conditions, atoms fill the inner shells first, often resulting in a variable number of
electrons in the outermost shell. The innermost shell has a maximum of two electrons but the next
two electron shells can each have a maximum of eight electrons. This is known as the octet rule,
which states, with the exception of the innermost shell, that atoms are more stable energetically
when they have eight electrons in their valence shell, the outermost electron shell. Examples of some
neutral atoms and their electron configurations are shown in Figure 2.4. Notice that in this Figure 2.4,
helium has a complete outer electron shell, with two electrons filling its first and only shell. Similarly,
neon has a complete outer 2n shell containing eight electrons. In contrast, chlorine and sodium have
seven and one in their outer shells, respectively, but theoretically they would be more energetically
stable if they followed the octet rule and had eight.
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Figure 2.4 Bohr diagrams indicate how many electrons fill each principal shell. Group 18 elements (helium,
neon, and argon are shown) have a full outer, or valence, shell. A full valence shell is the most stable electron
configuration. Elements in other groups have partially filled valence shells and gain or lose electrons to achieve
a stable electron configuration.

An atom may give, take, or share electrons with another atom to achieve a full valence shell, the most

stable electron configuration. Looking at this figure, how many electrons do elements in group 1 need

to lose in order to achieve a stable electron configuration? How many electrons do elements in groups
14 and 17 need to gain to achieve a stable configuration?

Understanding that the organization of the periodic table is based on the total number of protons
(and electrons) helps us know how electrons are distributed among the outer shell. The periodic table
is arranged in columns and rows based on the number of electrons and where these electrons are
located. Take a closer look at the some of the elements in the table’s far right column in Figure 2.3.
The group 18 atoms helium (He), neon (Ne), and argon (Ar) all have filled outer electron shells, making
it unnecessary for them to share electrons with other atoms to attain stability; they are highly stable
as single atoms. Their non-reactivity has resulted in their being named the inert gases (or noble
gases). Compare this to the group 1 elements in the left-hand column. These elements, including
hydrogen (H), lithium (Li), and sodium (Na), all have one electron in their outermost shells. That
means that they can achieve a stable configuration and a filled outer shell by donating or sharing one
electron with another atom or a molecule such as water. Hydrogen will donate or share its electron to
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achieve this configuration, while lithium and sodium will donate their electron to become stable. As a
result of losing a negatively charged electron, they become positively charged ions. Group 17
elements, including fluorine and chlorine, have seven electrons in their outermost shells, so they tend
to fill this shell with an electron from other atoms or molecules, making them negatively charged ions.
Group 14 elements, of which carbon is the most important to living systems, have four electrons in
their outer shell allowing them to make several covalent bonds (discussed below) with other atoms.
Thus, the columns of the periodic table represent the potential shared state of these elements’ outer
electron shells that is responsible for their similar chemical characteristics.

2.2.6 Electron Orbitals

Although useful to explain the reactivity and chemical bonding of certain elements, the Bohr model of
the atom does not accurately reflect how electrons are spatially distributed surrounding the nucleus.
They do not circle the nucleus like the earth orbits the sun, but are found in electron orbitals. These
relatively complex shapes result from the fact that electrons behave not just like particles, but also
like waves.

Mathematical equations from quantum mechanics known as wave functions can predict within a
certain level of probability where an electron might be at any given time. The area where an electron
is most likely to be found is called its orbital.

Recall that the Bohr model depicts an atom’s electron shell configuration. Within each electron shell
are subshells, and each subshell has a specified number of orbitals containing electrons. While it is
impossible to calculate exactly where an electron is located, scientists know that it is most probably
located within its orbital path. Subshells are designated by the letter s, p, d, and f. The s subshell is
spherical in shape and has one orbital. Principal shell 1n has only a single s orbital, which can hold
two electrons. Principal shell 2n has one s and one p subshell, and can hold a total of eight electrons.
The p subshell has three dumbbell-shaped orbitals, as illustrated in Figure 2.5. Subshells d and f have
more complex shapes and contain five and seven orbitals, respectively. These are not shown in the
illustration. Principal shell 3n has s, p, and d subshells and can hold 18 electrons. Principal shell 4n
has s, p, d and f orbitals and can hold 32 electrons. Moving away from the nucleus, the number of
electrons and orbitals found in the energy levels increases. Progressing from one atom to the next in
the periodic table, the electron structure can be worked out by fitting an extra electron into the next
available orbital.
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Figure 2.5 The s subshells are shaped like spheres. Both the 1n and 2n principal shells have an s orbital, but the
size of the sphere is larger in the 2n orbital. Each sphere is a single orbital. p subshells are made up of three
dumbbell-shaped orbitals. Principal shell 2n has a p subshell, but shell 1 does not.

The closest orbital to the nucleus, called the 1s orbital, can hold up to two electrons. This orbital is
equivalent to the innermost electron shell of the Bohr model of the atom. It is called the 1s orbital
because it is spherical around the nucleus. The 1s orbital is the closest orbital to the nucleus, and it is
always filled first, before any other orbital can be filled. Hydrogen has one electron; therefore, it has
only one spot within the 1s orbital occupied. This is designated as 1s1, where the super scripted 1
refers to the one electron within the 1s orbital. Helium has two electrons; therefore, it can completely
fill the 1s orbital with its two electrons. This is designated as 1s?, referring to the two electrons of
helium in the 1s orbital. On the periodic table Figure 2.5, hydrogen and helium are the only two
elements in the first row (period); this is because they only have electrons in their first shell, the 1s
orbital. Hydrogen and helium are the only two elements that have the 1s and no other electron
orbitals in the electrically neutral state.

The second electron shell may contain eight electrons. This shell contains another spherical s orbital
and three “dumbbell” shaped p orbitals, each of which can hold two electrons, as shown in Figure 2.5.
After the 1s orbital is filled, the second electron shell is filled, first filling its 2s orbital and then its three
p orbitals. When filling the p orbitals, each takes a single electron; once each p orbital has an electron,
a second may be added. Lithium (Li) contains three electrons that occupy the first and second shells.
Two electrons fill the 1s orbital, and the third electron then fills the 2s orbital. Its electron
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configuration is 1s°2s'. Neon (Ne), on the other hand, has a total of ten electrons: two are in its
innermost 1s orbital and eight fill its second shell (two each in the 2s and three p orbitals); thus, it is
an inert gas and energetically stable as a single atom that will rarely form a chemical bond with other
atoms. Larger elements have additional orbitals, making up the third electron shell. While the
concepts of electron shells and orbitals are closely related, orbitals provide a more accurate depiction
of the electron configuration of an atom because the orbital model specifies the different shapes and
special orientations of all the places that electrons may occupy.

2.3 Chemical Reactions and Molecules

All elements are most stable when their outermost shell is filled with electrons according to the octet
rule. This is because it is energetically favourable for atoms to be in that configuration and it makes
them stable. However, since not all elements have enough electrons to fill their outermost shells,
atoms form chemical bonds with other atoms thereby obtaining the electrons they need to attain a
stable electron configuration. When two or more atoms chemically bond with each other, the
resultant chemical structure is a molecule. The familiar water molecule, H,O, consists of two
hydrogen atoms and one oxygen atom; these bond together to form water, as illustrated in Figure 2.6.
Atoms can form molecules by donating, accepting, or sharing electrons to fill their outer shells.

Chemical reactions occur when two or more atoms bond together to form molecules or when bonded
atoms are broken apart. The substances used in the beginning of a chemical reaction are called the
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reactants (usually found on the left side of a chemical equation), and the substances found at the end
of the reaction are known as the products (usually found on the right side of a chemical equation). An

arrow is typically drawn between the reactants and products to indicate the direction of the chemical
reaction; this direction is not always a “one-way street.” For the creation of the water molecule shown
above, the chemical equation would be:

2H+ 0O > H,0

An example of a simple chemical reaction is the breaking down of hydrogen peroxide molecules, each
of which consists of two hydrogen atoms bonded to two oxygen atoms (H.0). The reactant hydrogen
peroxide is broken down into water, containing one oxygen atom bound to two hydrogen atoms
(H20), and oxygen, which consists of two bonded oxygen atoms (0O.). In the equation below, the
reaction includes two hydrogen peroxide molecules and two water molecules. This is an example of a
balanced chemical equation, wherein the number of atoms of each element is the same on each side
of the equation. According to the law of conservation of matter, the number of atoms before and after
a chemical reaction should be equal, such that no atoms are, under normal circumstances, created or
destroyed.

2H,0, (hydrogen peroxide) » 2H,0 (water) + O, (oxygen)

Even though all of the reactants and products of this reaction are molecules (each atom remains
bonded to at least one other atom), in this reaction only hydrogen peroxide and water are
representatives of compounds: they contain atoms of more than one type of element. Molecular
oxygen, on the other hand, as shown in Figure 2.7,consists of two doubly bonded oxygen atoms and is
not classified as a compound but as a mononuclear molecule.

Figure 2.7 The oxygen atoms in an O, molecule are joined by a double bond.

Some chemical reactions, such as the one shown above, can proceed in one direction until the
reactants are all used up. The equations that describe these reactions contain a unidirectional arrow
and are irreversible. Reversible reactions are those that can go in either direction. In reversible
reactions, reactants are turned into products, but when the concentration of product goes beyond a
certain threshold (characteristic of the particular reaction), some of these products will be converted
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back into reactants; at this point, the designations of products and reactants are reversed. This back
and forth continues until a certain relative balance between reactants and products occurs—a state
called equilibrium. These situations of reversible reactions are often denoted by a chemical equation
with a double-headed arrow pointing towards both the reactants and products.

For example, in human blood, excess hydrogen ions (H*) bind to bicarbonate ions (HCOs") forming an
equilibrium state with carbonic acid (H.CO:s). If carbonic acid were added to this system, some of it
would be converted to bicarbonate and hydrogen ions.

HCO; wH > H,COs3

In biological reactions, however, equilibrium is rarely obtained because the concentrations of the
reactants or products or both are constantly changing, often with a product of one reaction being a
reactant for another. To return to the example of excess hydrogen ions in the blood, the formation of
carbonic acid will be the major direction of the reaction. However, the carbonic acid can also leave
the body as carbon dioxide gas (via exhalation) instead of being converted back to bicarbonate ion,
thus driving the reaction to the right by the chemical law known as law of mass action. These
reactions are important for maintaining the homeostasis of our blood.

HCO; +H* > H,CO3 <« CO,+ H,0

2.3.1 lons and lonic Bonds

Some atoms are more stable when they gain or lose an electron (or possibly two) and form ions. This
fills their outermost electron shell and makes them energetically more stable. Because the number of
electrons does not equal the number of protons, each ion has a net charge. Cations are positive ions
that are formed by losing electrons. Negative ions are formed by gaining electrons and are called
anions. Anions are designated by their elemental name being altered to end in “-ide”: the anion of
chlorine is called chloride, and the anion of sulfur is called sulfide, for example.

This movement of electrons from one element to another is referred to as electron transfer. As Figure
2.8 illustrates, sodium (Na) only has one electron in its outer electron shell. It takes less energy for
sodium to donate that one electron than it does to accept seven more electrons to fill the outer shell.
If sodium loses an electron, it now has 11 protons, 11 neutrons, and only 10 electrons, leaving it with
an overall charge of +1. It is now referred to as a sodium ion. Chlorine (Cl) in its lowest energy state
(called the ground state) has seven electrons in its outer shell. Again, it is more energy-efficient for
chlorine to gain one electron than to lose seven. Therefore, it tends to gain an electron to create an
ion with 17 protons, 17 neutrons, and 18 electrons, giving it a net negative (-1) charge. It is now
referred to as a chloride ion. In this example, sodium will donate its one electron to empty its shell,
and chlorine will accept that electron to fill its shell. Both ions now satisfy the octet rule and have
complete outermost shells. Because the number of electrons is no longer equal to the number of
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protons, each is now an ion and has a +1 (sodium cation) or -1 (chloride anion) charge. Note that
these transactions can normally only take place simultaneously: in order for a sodium atom to lose an
electron, it must be in the presence of a suitable recipient like a chlorine atom.

Figure 2.8 In the formation of an ionic compound, metals lose electrons and non-metals gain electrons to
achieve an octet.

lonic bonds are formed between ions with opposite charges. For instance, positively charged sodium
ions and negatively charged chloride ions bond together to make crystals of sodium chloride, or table
salt, creating a crystalline molecule with zero net charge.

Certain salts are referred to in physiology as electrolytes (including sodium, potassium, and calcium),
ions necessary for nerve impulse conduction, muscle contractions and water balance. Many sports
drinks and dietary supplements provide these ions to replace those lost from the body via sweating
during exercise.

2.3.2 Covalent Bonds and Other Bonds and Interactions

Another way the octet rule can be satisfied is by the sharing of electrons between atoms to form
covalent bonds. These bonds are stronger and much more common than ionic bonds in the molecules
of living organisms. Covalent bonds are commonly found in carbon-based organic molecules, such as
our DNA and proteins. Covalent bonds are also found in inorganic molecules like H,0, CO,, and O..
One, two, or three pairs of electrons may be shared, making single, double, and triple bonds,
respectively. The more covalent bonds between two atoms, the stronger their connection. Thus, triple
bonds are the strongest.

The strength of different levels of covalent bonding is one of the main reasons living organisms have a
difficult time in acquiring nitrogen for use in constructing their molecules, even though molecular
nitrogen, N, ,is the most abundant gas in the atmosphere. Molecular nitrogen consists of two nitrogen
atoms triple bonded to each other and, as with all molecules, the sharing of these three pairs of
electrons between the two nitrogen atoms allows for the filling of their outer electron shells, making
the molecule more stable than the individual nitrogen atoms. This strong triple bond makes it difficult
for living systems to break apart this nitrogen in order to use it as constituents of proteins and DNA.
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The formation of water molecules provides an example of covalent bonding. The hydrogen and
oxygen atoms that combine to form water molecules are bound together by covalent bonds, as
shown in Figure 2.6. The electron from the hydrogen splits its time between the incomplete outer shell
of the hydrogen atoms and the incomplete outer shell of the oxygen atoms. To completely fill the
outer shell of oxygen, which has six electrons in its outer shell but which would be more stable with
eight, two electrons (one from each hydrogen atom) are needed: hence the well-known formula H-O.
The electrons are shared between the two elements to fill the outer shell of each, making both
elements more stable.

Watch the video:

lonic and covalent bonding animation (video - 1:57 minutes)

Scan this QR code or use the link below to view a short video animation of ionic and covalent bonding
in action.

www.youtube.com/watch?v=QqgjcCvzWwww

2.3.3 Polar Covalent Bonds

There are two types of covalent bonds: polar and nonpolar. In a polar covalent bond, shown in Figure
2.9, the electrons are unequally shared by the atoms and are attracted more to one nucleus than the
other. Because of the unequal distribution of electrons between the atoms of different elements, a
slightly positive (0+) or slightly negative (d-) charge develops. This partial charge is an important
property of water and accounts for many of its characteristics.

Water is a polar molecule, with the hydrogen atoms acquiring a partial positive charge and the
oxygen a partial negative charge. This occurs because the nucleus of the oxygen atom is more
attractive to the electrons of the hydrogen atoms than the hydrogen nucleus is to the oxygen’s
electrons. Thus oxygen has a higher electronegativity than hydrogen and the shared electrons spend
more time in the vicinity of the oxygen nucleus than they do near the nucleus of the hydrogen atoms,
giving the atoms of oxygen and hydrogen slightly negative and positive charges, respectively. Another
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way of stating this is that the probability of finding a shared electron near an oxygen nucleus is more
likely than finding it near a hydrogen nucleus. Either way, the atom’s relative electronegativity
contributes to the development of partial charges whenever one element is significantly more
electronegative than the other, and the charges generated by these polar bonds may then be used for
the formation of hydrogen bonds based on the attraction of opposite partial charges. (Hydrogen
bonds, which are discussed in detail below, are weak bonds between slightly positively charged
hydrogen atoms to slightly negatively charged atoms in other molecules.) Since macromolecules
often have atoms within them that differ in electronegativity, polar bonds are often present in organic
molecules.

2.3.4 Nonpolar Covalent Bonds

Nonpolar covalent bonds form between two atoms of the same element or between different
elements that share electrons equally. For example, molecular oxygen (O-) is nonpolar because the
electrons will be equally distributed between the two oxygen atoms.

Another example of a nonpolar covalent bond is methane (CH4), also shown in Figure 2.9. Carbon has
four electrons in its outermost shell and needs four more to fill it. It gets these four from four
hydrogen atoms, each atom providing one, making a stable outer shell of eight electrons. Carbon and
hydrogen do not have the same electronegativity but are similar; thus, nonpolar bonds form. The
hydrogen atoms each need one electron for their outermost shell, which is filled when it contains two
electrons. These elements share the electrons equally among the carbons and the hydrogen atoms,
creating a nonpolar covalent molecule.
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2.3.5 Hydrogen Bonds and Van Der Waals Interactions

lonic and covalent bonds between elements require energy to break. lonic bonds are not as strong as
covalent, which determines their behaviour in biological systems. However, not all bonds are ionic or
covalent bonds. Weaker bonds can also form between molecules. Two weak bonds that occur
frequently are hydrogen bonds and van der Waals interactions. Without these two types of bonds, life
as we know it would not exist. Hydrogen bonds provide many of the critical, life-sustaining properties
of water and also stabilize the structures of proteins and DNA, the building block of cells.

When polar covalent bonds containing hydrogen form, the hydrogen in that bond has a slightly
positive charge because hydrogen’s electron is pulled more strongly toward the other element and
away from the hydrogen. Because the hydrogen is slightly positive, it will be attracted to neighbouring
negative charges. When this happens, a weak interaction occurs between the &+ of the hydrogen from
one molecule and the dcharge on the more electronegative atoms of another molecule, usually
oxygen or nitrogen, or within the same molecule. This interaction is called a hydrogen bond. This type
of bond is common and occurs regularly between water molecules. Individual hydrogen bonds are
weak and easily broken; however, they occur in very large numbers in water and in organic polymers,
creating a major force in combination. Hydrogen bonds are also responsible for zipping together the
DNA double helix.
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Like hydrogen bonds, van der Waals interactions are weak attractions or interactions between
molecules. Van der Waals attractions can occur between any two or more molecules and are
dependent on slight fluctuations of the electron densities, which are not always symmetrical around
an atom. For these attractions to happen, the molecules need to be very close to one another. These
bonds—along with ionic, covalent, and hydrogen bonds—contribute to the three-dimensional
structure of the proteins in our cells that is necessary for their proper function.

2.4 Water

Water is essential to life as we know it. Water is one of the more abundant molecules and the one
most critical to life on Earth. Approximately 60-70 percent of the human body is made up of water.
Without it, life as we know it simply would not exist.

The polarity of the water molecule and its resulting hydrogen bonding make water a unique
substance with special properties that are intimately tied to the processes of life. Life originally
evolved in a watery environment, and most of an organism’s cellular chemistry and metabolism occur
inside the watery contents of the cell’s cytoplasm. Special properties of water are its high heat
capacity and heat of vaporization, its ability to dissolve polar molecules, its cohesive and adhesive
properties, and its dissociation into ions that leads to the generation of pH. Understanding these
characteristics of water helps to elucidate its importance in maintaining life.

2.4.1 Polarity

One of water’s important properties is that it is composed of polar molecules: the hydrogen and
oxygen within water molecules (H:0) form polar covalent bonds. While there is no net charge toa
water molecule, the polarity of water creates a slightly positive charge on hydrogen and a slightly
negative charge on oxygen, contributing to water’s properties of attraction. Water’s charges are
generated because oxygen is more electronegative than hydrogen, making it more likely that a shared
electron would be found near the oxygen nucleus than the hydrogen nucleus, thus generating the
partial negative charge near the oxygen.

As a result of water’s polarity, each water molecule attracts other water molecules because of the
opposite charges between water molecules, forming hydrogen bonds. Water also attracts or is
attracted to other polar molecules and ions. A polar substance that interacts readily with or dissolves
in water is referred to as hydrophilic (hydro- = “water”; -philic = “loving”). In contrast, non-polar
molecules such as oils and fats do not interact well with water, as shown in Figure 2.10 and separate
from it rather than dissolve in it, as we see in salad dressings containing oil and vinegar (an acidic
water solution). These nonpolar compounds are called hydrophobic (hydro- = “water”; -phobic =
“fearing”).
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2.4.2 States: Gas, Liquid, and Solid

The formation of hydrogen bonds is an important quality of the liquid water that is crucial to life as we
know it. As water molecules make hydrogen bonds with each other, water takes on some unique
chemical characteristics compared to other liquids and, since living things have a high water content,
understanding these chemical features is key to understanding life. In liquid water, hydrogen bonds
are constantly formed and broken as the water molecules slide past each other. The breaking of these
bonds is caused by the motion (kinetic energy) of the water molecules due to the heat contained in
the system. When the heat is raised as water is boiled, the higher kinetic energy of the water
molecules causes the hydrogen bonds to break completely and allows water molecules to escape into
the air as gas (steam or water vapour). On the other hand, when the temperature of water is reduced
and water freezes, the water molecules form a crystalline structure maintained by hydrogen bonding
(there is not enough energy to break the hydrogen bonds) that makes ice less dense than liquid water,
a phenomenon not seen in the solidification of other liquids.

Water’s lower density in its solid form is due to the way hydrogen bonds are oriented as it freezes: the
water molecules are pushed farther apart compared to liquid water. With most other liquids,
solidification when the temperature drops includes the lowering of kinetic energy between molecules,
allowing them to pack even more tightly than in liquid form and giving the solid a greater density than
the liquid.

Chapter2 2-19



http://creativecommons.org/licenses/by-sa/4.0/

The lower density of ice, illustrated and pictured in Figure 2.11, an anomaly, causes it to float at the
surface of liquid water, such asin an iceberg or in the ice cubes in a glass of ice water. In lakes and
ponds, ice will form on the surface of the water creating an insulating barrier that protects the
animals and plant life in the pond from freezing. Without this layer of insulating ice, plants and
animals living in the pond would freeze in the solid block of ice and could not survive. The detrimental
effect of freezing on living organisms is caused by the expansion of ice relative to liquid water. The ice
crystals that form upon freezing rupture the delicate membranes essential for the function of living
cells, irreversibly damaging them. Cells can only survive freezing if the water in them is temporarily
replaced by another liquid like glycerol.

Figure 2.11 Hydrogen bonding makes ice less dense than liquid water. The (a) lattice structure of ice makes it
less dense than the freely flowing molecules of liquid water, enabling it to (b) float on water. (credit a:
modification of work by Jane Whitney, image created using Visual Molecular Dynamics (VMD) software; credit b:
modification of work by Carlos Ponte)

2.4.3 High Heat Capacity

Water’s high heat capacity is a property caused by hydrogen bonding among water molecules. Water
has the highest specific heat capacity of any liquids. Specific heat is defined as the amount of heat
one gram of a substance must absorb or lose to change its temperature by one degree Celsius. For
water, this amount is one calorie. It therefore takes water a long time to heat and long time to cool. In
fact, the specific heat capacity of water is about five times more than that of sand. This explains why
the land cools faster than the sea. Due to its high heat capacity, water is used by warm blooded
animals to more evenly disperse heat in their bodies: it acts in a similar manner to a car’s cooling
system, transporting heat from warm places to cool places, causing the body to maintain a more even
temperature.
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2.4.4 Heat of Vaporization

Water also has a high heat of vaporization, the amount of energy required to change one gram of a
liquid substance to a gas. A considerable amount of heat energy (586 cal) is required to accomplish
this change in water. This process occurs on the surface of water. As liquid water heats up, hydrogen
bonding makes it difficult to separate the liquid water molecules from each other, which is required
for it to enter its gaseous phase (steam). As a result, water acts as a heat sink or heat reservoir and
requires much more heat to boil than does a liquid such as ethanol (grain alcohol), whose hydrogen
bonding with other ethanol molecules is weaker than water’s hydrogen bonding. Eventually, as water
reaches its boiling point of 100° Celsius (212° Fahrenheit), the heat is able to break the hydrogen
bonds between the water molecules, and the kinetic energy (motion) between the water molecules
allows them to escape from the liquid as a gas. Even when below its boiling point, water’s individual
molecules acquire enough energy from other water molecules such that some surface water
molecules can escape and vaporize. This process is known as evaporation.

The fact that hydrogen bonds need to be broken for water to evaporate means that a substantial
amount of energy is used in the process. As the water evaporates, energy is taken up by the process,
cooling the environment where the evaporation is taking place. In many living organisms, including in
humans, the evaporation of sweat, which is 90 percent water, allows the organism to cool so that
homeostasis of body temperature can be maintained.

2.4.5 Solvent Properties

Since water is a polar molecule with slightly positive and slightly negative charges, ions and polar
molecules can readily dissolve in it. Therefore, water is referred to as a solvent, a substance capable of
dissolving other polar molecules and ionic compounds. The charges associated with these molecules
will form hydrogen bonds with water, surrounding the particle with water molecules. This is referred
to as a sphere of hydration, or a hydration shell, as illustrated in Figure 2.12 and serves to keep the
particles separated or dispersed in the water.

When ionic compounds are added to water, the individual ions react with the polar regions of the
water molecules and their ionic bonds are disrupted in the process of dissociation. Dissociation
occurs when atoms or groups of atoms break off from molecules and form ions. Consider table salt
(NaCl, or sodium chloride): when NaCl crystals are added to water, the molecules of NaCl dissociate
into Na" and Clions, and spheres of hydration form around the ions, illustrated in Figure 2.15. The
positively charged sodium ion is surrounded by the partially negative charge of the water molecule’s
oxygen. The negatively charged chloride ion is surrounded by the partially positive charge of the
hydrogen on the water molecule.
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Figure 2.12 When table salt (NaCl) is mixed in water, spheres of hydration are formed around the ions.

2.4.6 Cohesive and Adhesive Properties

Have you ever filled a glass of water to the very top and then slowly added a few more drops? Before it
overflows, the water forms a dome-like shape above the rim of the glass. This water can stay above
the glass because of the property of cohesion. In cohesion, water molecules are attracted to each
other (because of hydrogen bonding), keeping the molecules together at the liquid-gas (water-air)
interface, although there is no more room in the glass.

Cohesion allows for the development of surface tension, the capacity of a substance to withstand
being ruptured when placed under tension or stress. This is also why water forms droplets when
placed on a dry surface rather than being flattened out by gravity. When a small scrap of paper is
placed onto the droplet of water, the paper floats on top of the water droplet even though paper is
denser (heavier) than the water. Cohesion and surface tension keep the hydrogen bonds of water
molecules intact and support the item floating on the top. It’s even possible to float a needle on top of
a glass of water if it is placed gently without breaking the surface tension, as shown in Figure 2.13.
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These cohesive forces are related to water’s
property of adhesion, or the attraction between
water molecules and other molecules. This
attraction is sometimes stronger than water’s
cohesive forces, especially when the water is
exposed to charged surfaces such as those
found on the inside of thin glass tubes known
as capillary tubes. Adhesion is observed when
water “climbs” up the tube placed in a glass of
water: notice that the water appears to be
higher on the sides of the tube than in the
middle. This is because the water molecules are
attracted to the charged glass walls of the
capillary more than they are to each other and
therefore adhere to it. This type of adhesion is
called capillary action, and is illustrated in
Figure 2.14.

Capillary tube
Capillary /
atiraction
]
e
P
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Why are cohesive and adhesive forces important for life? Cohesive and adhesive forces are important
for the transport of water from the roots to the leaves in plants. These forces create a “pull” on the
water column. This pull results from the tendency of water molecules being evaporated on the
surface of the plant to stay connected to water molecules below them, and so they are pulled along.
Plants use this natural phenomenon to help transport water from their roots to their leaves. Without
these properties of water, plants would be unable to receive the water and the dissolved minerals
they require. In another example, insects such as the water strider, shown in Figure 2.15, use the

surface tension of water to stay afloat on the surface layer of water and even mate there.

Figure 2.15 Water’s cohesive and adhesive properties allow this water strider (Gerris sp.) to stay afloat. (credit:
Tim Vickers)

2.5 pH, Buffers, Acids, and Bases

The pH of a solution indicates its acidity or alkalinity. Hydrogen ions are spontaneously generated in
pure water by the dissociation (ionization) of a small percentage of water molecules into equal
numbers of hydrogen (H*) ions and hydroxide (OH’) ions. While the hydroxide ions are kept in solution
by their hydrogen bonding with other water molecules, the hydrogen ions, consisting of naked
protons, are immediately attracted to un-ionized water molecules, forming hydronium ions (Hs0).
Still, by convention, scientists refer to hydrogen ions and their concentration as if they were free in
this state in liquid water.
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The concentration of hydrogen ions dissociating from pure water is 1 x 107 moles H" ions per liter of
water. Moles (mol) are a way to express the amount of a substance (which can be atoms, molecules,
ions, etc), with one mole being equal to 6.02 x 10* particles of the substance. Therefore, 1 mole of
water is equal to 6.02 x 10®water molecules. The pH is calculated as the negative of the base 10
logarithm of this concentration. The logi, of 1 x 107 is -7.0, and the negative of this number (indicated
by the “p” of “pH”) yields a pH of 7.0, which is also known as neutral pH. The pH inside of human cells
and blood are examples of two areas of the body where near-neutral pH is maintained.

Non-neutral pH readings result from dissolving acids or bases in water. Using the negative logarithm
to generate positive integers, high concentrations of hydrogen ions yield a low pH number, whereas
low levels of hydrogen ions result in a high pH. An acid is a substance that increases the concentration
of hydrogen ions (H") in a solution, usually by having one of its hydrogen atoms dissociate. A base
provides either hydroxide ions (OH” or other negatively charged ions that combine with hydrogen
ions, reducing their concentration in the solution and thereby raising the pH. In cases where the base
releases hydroxide ions, these ions bind to free hydrogen ions, generating new water molecules.

The stronger the acid, the more readily it donates H*. For example, hydrochloric acid (HCl) completely
dissociates into hydrogen and chloride ions and is highly acidic, whereas the acids in tomato juice or
vinegar do not completely dissociate and are considered weak acids. Conversely, strong bases are
those substances that readily donate OH™ or take up hydrogen ions. Sodium hydroxide (NaOH) and
many household cleaners are highly alkaline and give up OH rapidly when placed in water, thereby
raising the pH. An example of a weak basic solution is seawater, which has a pH near 8.0, close enough
to neutral pH that marine organisms adapted to this saline environment are able to thrive in it.

The pH scale is, as previously mentioned, an inverse 14
logarithm and ranges from 0 to 14 (Figure 2.16). 13 Bleach
Anything below 7.0 (ranging from 0.0 to 6.9) is acidic, 12 Soapy water
and anything above 7.0 (from 7.1 to 14.0) is alkaline. 1 Ammonia solution
Extremes in pH in either direction from 7.0 are usually 10 Milk of magnesia
considered inhospitable to life. The pH inside cells 9 Baking soda
(6.8) and the pH in the blood (7.4) are both very close s Conida
to neutral. However, the environment in the stomach . Dl wahis
is highly acidic, with a pH of 1 to 2. So how do the cells . Ui
of the stomach survive in such an acidic environment?
5 Black coffee
How do they homeostatically maintain the near B
.. . 4 Tomato juice
neutral pH inside them? The answer is that they
. . 3 Orange juice
cannot do it and are constantly dying. New stomach
2 Lemon juice
cells are constantly produced to replace dead ones,
. . . . 1 ic aci
which are digested by the stomach acids. Itis Gasinc acd
. . . 0
estimated that the lining of the human stomach is Figure 2.16 The pH scale measures the
completely replaced every seven to ten days. concentration of hydrogen ions (H+) in a solution.

(credit: modification of work by Edward Stevens)
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So how can organisms whose bodies require a near-neutral pH ingest acidic and basic substances (a
human drinking orange juice, for example) and survive? Buffers are the key. Buffers readily absorb
excess H" or OH", keeping the pH of the body carefully maintained in the narrow range required for
survival. Maintaining a constant blood pH is critical to a person’s well being. The buffer maintaining
the pH of human blood involves carbonic acid (H,COs), bicarbonate ion (HCO"), and carbon dioxide
(CO2). When bicarbonate ions combine with free hydrogen ions and become carbonic acid, hydrogen
ions are removed, moderating pH changes. Similarly, as shown in Figure 2.17, excess carbonic acid
can be converted to carbon dioxide gas and exhaled through the lungs. This prevents too many free
hydrogen ions from building up in the blood and dangerously reducing the blood’s pH. Likewise, if too
much OH" is introduced into the system, carbonic acid will combine with it to create bicarbonate,
lowering the pH. Without this buffer system, the body’s pH would fluctuate enough to put survival in
jeopardy.

W 4 HCOS “ H,CO5 ”- H,0 + €O,

Figure 2.217 This diagram shows the body’s buffering of blood pH levels. The blue arrows show the process of
raising pH as more CO, is made. The purple arrows indicate the reverse process: the lowering of pH as more
bicarbonate is created.

Other examples of buffers are antacids used to combat excess stomach acid. Many of these over-the-
counter medications work in the same way as blood buffers, usually with at least one ion capable of
absorbing hydrogen and moderating pH, bringing relief to those that suffer “heartburn” after eating.
The unique properties of water that contribute to this capacity to balance pH—as well as water’s
other characteristics—are essential to sustaining life on Earth.

2.6 Biological Macromolecules

Biological cells are made of many complex molecules called macromolecules, such as proteins,
nucleic acids (RNA and DNA), carbohydrates, and lipids. The macromolecules are a subset of organic
molecules (any carbon-containing liquid, solid, or gas) that are especially important for life. The
fundamental component for all of these macromolecules is carbon. The carbon atom has unique
properties that allow it to form covalent bonds to as many as four different atoms, making this
versatile element ideal to serve as the basic structural component, or “backbone,” of the
macromolecules.
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Individual carbon atoms have an incomplete outermost electron shell. With an atomic number of 6
(six electrons and six protons), the first two electrons fill the inner shell, leaving four in the second
shell. Therefore, carbon atoms can form up to four covalent bonds with other atoms to satisfy the
octet rule. The methane molecule provides an example: it has the chemical formula CH4. Each of its
four hydrogen atoms forms a single covalent bond with the carbon atom by sharing a pair of
electrons. This results in a filled outermost shell.

2.6.1 Organic Macromolecules

Hydrocarbons

Hydrocarbons are organic molecules consisting entirely of carbon and hydrogen, such as methane
(CH4) described above. We often use hydrocarbons in our daily lives as fuels—like the propane in a gas
grill or the butane in a lighter. The many covalent bonds between the atoms in hydrocarbons store a
great amount of energy, which is released when these molecules are burned (oxidized). Methane, an
excellent fuel, is the simplest hydrocarbon molecule, with a central carbon atom bonded to four
different hydrogen atoms, as illustrated in Figure 2.18. The geometry of the methane molecule, where
the atoms reside in three dimensions, is determined by the shape of its electron orbitals. The carbons
and the four hydrogen atoms form a shape known as a tetrahedron, with four triangular faces; for this
reason, methane is described as having tetrahedral geometry.

As the backbone of the large molecules of living things, hydrocarbons may exist as linear carbon
chains, carbon rings, or combinations of both. Furthermore, individual carbon-to-carbon bonds may
be single, double, or triple covalent bonds, and each type of bond affects the geometry of the
molecule in a specific way. This three-dimensional shape or conformation of the large molecules of
life (macromolecules) is critical to how they function.
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Hydrocarbon Chains

Hydrocarbon chains are formed by successive bonds between carbon atoms and may be branched or
unbranched. Furthermore, the overall geometry of the molecule is altered by the different geometries
of single, double, and triple covalent bonds, illustrated in Figure 2.19. The hydrocarbons ethane,
ethene, and ethyne serve as examples of how different carbon-to-carbon bonds affect the geometry
of the molecule. The names of all three molecules start with the prefix “eth-,” which is the prefix for

» «

two carbon hydrocarbons. The suffixes “-ane,” “-ene,” and “-yne” refer to the presence of single,
double, or triple carbon-carbon bonds, respectively. Thus, propane, propene, and propyne follow the
same pattern with three carbon molecules, butane, butane, and butyne for four carbon molecules,
and so on. Double and triple bonds change the geometry of the molecule: single bonds allow rotation
along the axis of the bond, whereas double bonds lead to a planar configuration and triple bonds to a
linear one. These geometries have a significant impact on the shape a particular molecule can

assume.

Methane (CH,) Ethane (C,H,) Ethene (C,H,)

Tetrahedral Tetrahedral Planar
(single bond) (single bond) (double bond)

Figure 2.19 When carbon forms single bonds with other atoms, the shape is tetrahedral. When two carbon atoms
form a double bond, the shape is planar, or flat. Single bonds, like those found in ethane, are able to rotate.
Double bonds, like those found in ethene cannot rotate, so the atoms on either side are locked in place.

Hydrocarbon Rings

So far, the hydrocarbons we have discussed have been aliphatic hydrocarbons, which consist of linear
chains of carbon atoms. Another type of hydrocarbon, aromatic hydrocarbons, consists of closed
rings of carbon atoms. Ring structures are found in hydrocarbons, sometimes with the presence of
double bonds, which can be seen by comparing the structure of cyclohexane to benzenein Figure
2.20. Examples of biological molecules that incorporate the benzene ring include some amino acids
and cholesterol and its derivatives, including the hormones estrogen and testosterone. The benzene
ring is also found in the herbicide 2,4-D. Benzene is a natural component of crude oil and has been
classified as a carcinogen. Some hydrocarbons have both aliphatic and aromatic portions; beta-
carotene is an example of such a hydrocarbon.
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H

Cyclopentane Cyclohexane Benzene Pyridine

Figure 2.20 Carbon can form five-and six membered rings. Single or double bonds may connect the carbons in
the ring, and nitrogen may be substituted for carbon.

Isomers

The three-dimensional placement of atoms and chemical bonds within organic molecules is central to
understanding their chemistry. Molecules that share the same chemical formula but differ in the
placement (structure) of their atoms and/or chemical bonds are known as isomers. Structural isomers
(like butane and isobutene shown in Figure 2.21a) differ in the placement of their covalent bonds:
both molecules have four carbons and ten hydrogens (CsHo), but the different arrangement of the
atoms within the molecules leads to differences in their chemical properties. For example, due to
their different chemical properties, butane is suited for use as a fuel for cigarette lighters and torches,
whereas isobutene is suited for use as a refrigerant and a propellant in spray cans.

Geometric isomers, on the other hand, have similar placements of their covalent bonds but differ in
how these bonds are made to the surrounding atoms, especially in carbon-to-carbon double bonds.
In the simple molecule butene (C4Hs), the two methyl groups (CHs) can be on either side of the double
covalent bond central to the molecule, as illustrated in Figure 2.21b. When the carbons are bound on
the same side of the double bond, this is the cis configuration; if they are on opposite sides of the
double bond, it is a trans configuration. In the trans configuration, the carbons form a more or less
linear structure, whereas the carbons in the cis configuration make a bend (change in direction) of the
carbon backbone.
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(a) Structural isomers

Butane Isobutane
H H H H H H H
| | | | | | |
H—C—C—C—C—H H—C—C—C—H

| | | | | |
H H H H H H
H—C—H
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(b) Geometric isomers

cis-2-butene trans-2-butene

H

H H CH3
/ /
c=cC C=cC
\
H;C CH; H;C H
methyl groups on methyl groups on opposite
same side of double bond sides of double bond

(c) Enantiomers

L-isomer

D-isomer
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Which of the following statements is false?
a. Molecules with the formulas CH3CH2COOH and C3H602 could be structural isomers.
b. Molecules must have a double bond to be cis-trans isomers.

c. To be enantiomers, a molecule must have at least three different atoms or groups connected
to a central carbon.

d. To be enantiomers, a molecule must have at least four different atoms or groups connected to
a central carbon.

In triglycerides (fats and oils), long carbon chains known as fatty acids may contain double bonds,
which can be in either the cis or trans configuration, illustrated in Figure 2.2. Fats with at least one
double bond between carbon atoms are unsaturated fats. When some of these bonds are in the cis
configuration, the resulting bend in the carbon backbone of the chain means that triglyceride
molecules cannot pack tightly, so they remain liquid (oil) at room temperature. On the other hand,
triglycerides with trans double bonds (popularly called trans fats), have relatively linear fatty acids
that are able to pack tightly together at room temperature and form solid fats. In the human diet,
trans fats are linked to an increased risk of cardiovascular disease, so many food manufacturers have
reduced or eliminated their use in recent years. In contrast to unsaturated fats, triglycerides without
double bonds between carbon atoms are called saturated fats, meaning that they contain all the
hydrogen atoms available. Saturated fats are a solid at room temperature and usually of animal

origin.

Elliadic acid

Qleic acid
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Functional Groups

Functional groups are groups of atoms that occur within molecules and confer specific chemical
properties to those molecules. They are found along the “carbon backbone” of macromolecules. This
carbon backbone is formed by chains and/or rings of carbon atoms with the occasional substitution
of an element such as nitrogen or oxygen. Molecules with other elements in their carbon backbone
are substituted hydrocarbons.

The functional groups in a macromolecule are usually attached to the carbon backbone at one or
several different places along its chain and/or ring structure. Each of the four types of
macromolecules—proteins, lipids, carbohydrates, and nucleic acids—has its own characteristic set of
functional groups that contributes greatly to its differing chemical properties and its function in living
organisms.

A functional group can participate in specific chemical reactions. Some of the important functional
groups in biological molecules are shown in Figure 2.23; they include: hydroxyl, methyl, carbonyl,
carboxyl, amino, phosphate, and sulfhydryl. These groups play an important role in the formation of
molecules like DNA, proteins, carbohydrates, and lipids. Functional groups are usually classified as
hydrophobic or hydrophilic depending on their charge or polarity characteristics. An example of a
hydrophobic group is the non-polar methane molecule. Among the hydrophilic functional groups is
the carboxyl group found in amino acids, some amino acid side chains, and the fatty acids that form
triglycerides and phospholipids. This carboxyl group ionizes to release hydrogen ions (H*) from the
COOH group resulting in the negatively charged COO" group; this contributes to the hydrophilic nature
of whatever molecule it is found on. Other functional groups, such as the carbonyl group, have a
partially negatively charged oxygen atom that may form hydrogen bonds with water molecules, again
making the molecule more hydrophilic.
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Hydrogen bonds between functional groups (within the same molecule or between different

molecules) are important to the function of many macromolecules and help them to fold properly
into and maintain the appropriate shape for functioning. Hydrogen bonds are also involved in various
recognition processes, such as DNA complementary base pairing and the binding of an enzyme to its
substrate, asillustrated in Figure 2.24.
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2.6.2 Synthesis of Biological Macromolecules

As you’ve learned, biological macromolecules are large molecules, necessary for life, that are built
from smaller organic molecules. There are four major classes of biological macromolecules
carbohydrates, lipids, proteins, and nucleic acids. Each is an important cell component and performs
a wide array of functions. Combined, these molecules make up the majority of a cell’s dry mass (recall
that water makes up the majority of its complete mass). Biological macromolecules are organic,
meaning they contain carbon. In addition, they may contain hydrogen, oxygen, nitrogen, and
additional minor elements.

Dehydration Synthesis

Most macromolecules are made from single subunits, or building blocks, called monomers. The
monomers combine with each other using covalent bonds to form larger molecules known as
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polymers. In doing so, monomers release water molecules as byproducts. This type of reaction is
known as dehydration synthesis, which means “to put together while losing water.”

CH,OH CH,OH CH,0H CH,OH
0 (o) o H H 0
H H H OH
HO OH HO OH HO o H
OH OH OH

In a dehydration synthesis reaction (Figure 2.25), the hydrogen of one monomer combines with the
hydroxyl group of another monomer, releasing a molecule of water. At the same time, the monomers
share electrons and form covalent bonds. As additional monomers join, this chain of repeating
monomers forms a polymer. Different types of monomers can combine in many configurations, giving
rise to a diverse group of macromolecules. Even one kind of monomer can combine in a variety of
ways to form several different polymers: for example, glucose monomers are the constituents of
starch, glycogen, and cellulose.

Hydrolysis

Polymers are broken down into monomers in a process known as hydrolysis, which means “to split
water,” a reaction in which a water molecule is used during the breakdown (Figure 2.26). During these
reactions, the polymer is broken into two components: one gains a hydrogen atom (H*) and the other
gains a hydroxyl molecule (OH") from a split water molecule.

CH,OH CH,OH CH,OH CH,OH
OH H o) o H 0
OH H

+H,O —> +
HO

OH OH OH OH
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Dehydration and hydrolysis reactions are catalyzed, or “sped up,” by specific enzymes; dehydration
reactions involve the formation of new bonds, requiring energy, while hydrolysis reactions break
bonds and release energy. These reactions are similar for most macromolecules, but each monomer
and polymer reaction is specific for its class. For example, in our bodies, food is hydrolyzed, or broken
down, into smaller molecules by catalytic enzymes in the digestive system. This allows for easy
absorption of nutrients by cells in the intestine. Each macromolecule is broken down by a specific
enzyme. For instance, carbohydrates are broken down by amylase, sucrase, lactase, or maltase.
Proteins are broken down by the enzymes pepsin and peptidase, and by hydrochloric acid. Lipids are
broken down by lipases. Breakdown of these macromolecules provides energy for cellular activities.

2.6.2 Carbohydrates

Carbohydrates provide energy to the body, particularly through glucose, a simple sugar that is a
component of starch and an ingredient in many staple foods. Carbohydrates also have other
important functions in humans, animals, and plants.

Molecular Structure

Carbohydrates can be represented by the stoichiometric formula (CH20)., where n is the number of
carbons in the molecule. In other words, the ratio of carbon to hydrogen to oxygenis 1:2:1 in
carbohydrate molecules. This formula also explains the origin of the term “carbohydrate”: the
components are carbon (“carbo”) and the components of water (hence, “hydrate”). Carbohydrates
are classified into three subtypes: monosaccharides, disaccharides, and polysaccharides.

Monosaccharides

Monosaccharides (mono- = “one”; sacchar- = “sweet”) are simple sugars, the most common of which
is glucose. In monosaccharides, the number of carbons usually ranges from three to seven. Most
monosaccharide names end with the suffix -ose. If the sugar has an aldehyde group (the functional
group with the structure R-CHO), it is known as an aldose, and if it has a ketone group (the functional
group with the structure RC(=0)R'), it is known as a ketose. Depending on the number of carbons in
the sugar, they also may be known as trioses (three carbons), pentoses (five carbons), and or hexoses
(six carbons). See Figure 2.27 for an illustration of the monosaccharides.
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Figure 2.24 Monosaccharides are classified based on the position of their carbonyl group and the number of
carbons in the backbone. Aldoses have a carbonyl group (indicated in green) at the end of the carbon chain, and
ketoses have a carbonyl group in the middle of the carbon chain. Trioses, pentoses, and hexoses have three,
five, and six carbon backbones, respectively.
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The chemical formula for glucose is CsH1,0s. In humans, glucose is an important source of energy.
During cellular respiration, energy is released from glucose, and that energy is used to help make

adenosine triphosphate (ATP). Plants synthesize glucose using carbon dioxide and water, and glucose

in turn is used for energy requirements for the plant. Excess glucose is often stored as starch that is

catabolized (the breakdown of larger molecules by cells) by humans and other animals that feed on

plants.

Galactose (part of lactose, or milk sugar) and fructose (found in sucrose, in fruit) are other common

monosaccharides. Although glucose, galactose, and fructose all have the same chemical formula,

CeH1206. They differ structurally and chemically (and are known as isomers) because of the different

arrangement of functional groups around the asymmetric carbon; all of these monosaccharides have

more than one asymmetric carbon (Figure 2.28).

Glucose

Galactose

Fructose
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Glucose, galactose, and fructose are isomeric monosaccharides (hexoses), meaning they have the

same chemical formula but have slightly different structures. Glucose and galactose are aldoses, and

fructose is a ketose.
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Monosaccharides can exist as a linear chain or as ring-shaped molecules; in aqueous solutions they
are usually found in ring forms (Figure 2.29). Glucose in a ring form can have two different
arrangements of the hydroxyl group (OH) around the anomeric carbon (carbon 1 that becomes
asymmetric in the process of ring formation). If the hydroxyl group is below carbon number 1 in the
sugar, it is said to be in the alpha (a) position, and if it is above the plane, it is said to be in the beta (B)
position.

Conversion between Linear and Ring Forms of Glucose

CH,0H

— e it G|UE:‘I.'.I5'E

CH,OH

f Glucose
Ring forms of ribose and freciose
CH.OH CH,OH
COH
i
OH
Fructose
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Disaccharides

Disaccharides (di- = “two”) form when two monosaccharides undergo a dehydration reaction (also
known as a condensation reaction or dehydration synthesis). During this process, the hydroxyl group
of one monosaccharide combines with the hydrogen of another monosaccharide, releasing a
molecule of water and forming a covalent bond. A covalent bond formed between a carbohydrate
molecule and another molecule (in this case, between two monosaccharides) is known as a glycosidic
bond (Figure 2.30). Glycosidic bonds (also called glycosidic linkages) can be of the alpha or the beta

type.

Glucose

CH,OH

o}
H OH T
Sucrose Glycosidic Bond

Common disaccharides include lactose, maltose, and sucrose (Figure 2.31). Lactose is a disaccharide
consisting of the monomers glucose and galactose. Itis found naturally in milk. Maltose, or malt
sugar, is a disaccharide formed by a dehydration reaction between two glucose molecules. The most
common disaccharide is sucrose, or table sugar, which is composed of the monomers glucose and
fructose.
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Polysaccharides

Along chain of monosaccharides linked by glycosidic bonds is known as a polysaccharide (poly-=
“many”). The chain may be branched or unbranched, and it may contain different types of
monosaccharides. The molecular weight may be 100,000 daltons or more depending on the number
of monomers joined. Starch, glycogen, cellulose, and chitin are primary examples of polysaccharides.

Starch is the stored form of sugars in plants and is made up of a mixture of amylose and amylopectin
(both polymers of glucose). Plants are able to synthesize glucose, and the excess glucose, beyond the
plant’simmediate energy needs, is stored as starch in different plant parts, including roots and seeds.
The starch in the seeds provides food for the embryo as it germinates and can also act as a source of
food for humans and animals. The starch that is consumed by humans is broken down by enzymes,
such as salivary amylases, into smaller molecules, such as maltose and glucose. The cells can then
absorb the glucose.

Starch is made up of glucose monomers that are joined by a 1-4 or a 1-6 glycosidic bonds. The
numbers 1-4 and 1-6 refer to the carbon number of the two residues that have joined to form the
bond. Asillustrated in Figure 2.32, amylose is starch formed by unbranched chains of glucose
monomers (only a 1-4 linkages), whereas amylopectin is a branched polysaccharide (a 1-6 likages at
the branch points).
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Amylose

CH,0H ™ CH,O0H

Amylopectin

Figure 2.32 Amylose and amylopectin are two different forms of starch. Amylose is composed of unbranched

chains of glucose monomers connected by a 1,4 glycosidic linkages. Amylopectin is composed of branched

chains of glucose monomers connected by a 1,4 and a 1,6 glycosidic linkages. Because of the way the subunits

are joined, the glucose chains have a helical structure. Glycogen (not shown) is similar in structure to

amylopectin but more highly branched.
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Glycogen is the storage form of glucose in humans and other vertebrates and is made up of
monomers of glucose. Glycogen is the animal equivalent of starch and is a highly branched molecule
usually stored in liver and muscle cells. Whenever blood glucose levels decrease, glycogen is broken
down to release glucose in a process known as glycogenolysis.

Cellulose is the most abundant natural biopolymer. The cell wall of plants is mostly made of cellulose;
this provides structural support to the cell. Wood and paper are mostly cellulosic in nature. Cellulose
is made up of glucose monomers that are linked by 8 1-4 glycosidic bonds (Figure 2.33).

Cellulose fibers

Cellulose structure
= CH.OM —

H  OH CH,OH H  OH
HO H H H | H
OH H OH H
(&)
2 H  H "
L .
CH,OM H oM CH,OH

Figure 2.33 In cellulose, glucose monomers are linked in unbranched chains by 3 1-4 glycosidic linkages.
Because of the way the glucose subunits are joined, every glucose monomer is flipped relative to the next one
resulting in a linear, fibrous structure.

As shown in Figure 2.33, every other glucose monomer in cellulose is flipped over, and the monomers
are packed tightly as extended long chains. This gives cellulose its rigidity and high tensile strength—
which is so important to plant cells. While the 3 1-4 linkage cannot be broken down by human
digestive enzymes, herbivores such as cows, koalas, buffalos, and horses are able, with the help of the
specialized flora in their stomach, to digest plant material that is rich in cellulose and use it as a food
source. In these animals, certain species of bacteria and protists reside in the rumen (part of the
digestive system of herbivores) and secrete the enzyme cellulase. The appendix of grazing animals
also contains bacteria that digest cellulose, giving it an important role in the digestive systems of
ruminants. Cellulases can break down cellulose into glucose monomers that can be used as an energy
source by the animal. Termites are also able to break down cellulose because of the presence of other
organisms in their bodies that secrete cellulases.
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Carbohydrates serve various functions in
different animals. Arthropods (insects,
crustaceans, and others) have an outer
skeleton, called the exoskeleton, which
protects their internal body parts (as seen in
the bee in Figure 2.34). This exoskeleton is
made of the biological macromolecule chitin,
which is a polysaccharide-containing nitrogen.
It is made of repeating units of N-acetyl-B-d-
glucosamine, a modified sugar. Chitinis also a
major component of fungal cell walls; fungi are
neither animals nor plants and form a kingdom
of their own in the domain Eukarya.

2.6.4 Lipids

Lipids include a diverse group of compounds that
are largely nonpolarin nature. This is because
they are hydrocarbons that include mostly
nonpolar carbon-carbon or carbon-hydrogen
bonds. Non-polar molecules are hydrophobic
(“water fearing”), or insoluble in water. Lipids
perform many different functions in a cell. Cells
store energy for long-term use in the form of fats.
Lipids also provide insulation from the
environment for plants and animals (Figure 2.35).
For example, they help keep aquatic birds and
mammals dry when forming a protective layer

over fur or feathers because of their water-
repellant hydrophobic nature. Lipids are also the
building blocks of many hormones and are an
important constituent of all cellular membranes.
Lipids include fats, oils, waxes, phospholipids,
and steroids.

Fats and Oils

A fat molecule consists of two main components—glycerol and fatty acids. Glycerol is an organic
compound (alcohol) with three carbons, five hydrogens, and three hydroxyl (OH) groups. Fatty acids
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have a long chain of hydrocarbons to which a carboxyl group is attached, hence the name “fatty acid.”
The number of carbons in the fatty acid may range from 4 to 36; most common are those containing

12-18 carbons. In a fat molecule, the fatty acids are attached to each of the three carbons of the

glycerol molecule with an ester bond through an oxygen atom (Figure 2.36).
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Figure 2.36 Triacylglycerol is formed by the joining of three fatty acids to a glycerol backbone in a dehydration

reaction. Three molecules of water are released in the process.
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During this ester bond formation, three water molecules are released. The three fatty acids in the
triacylglycerol may be similar or dissimilar. Fats are also called triacylglycerols or triglycerides
because of their chemical structure. Some fatty acids have common names that specify their origin.
For example, palmitic acid, a saturated fatty acid, is derived from the palm tree. Arachidic acid is

derived from Arachis hypogea, the scientific name for groundnuts or peanuts.

Fatty acids may be saturated or unsaturated. In a fatty acid chain, if there are only single bonds
between neighboring carbons in the hydrocarbon chain, the fatty acid is said to be saturated.
Saturated fatty acids are saturated with hydrogen; in other words, the number of hydrogen atoms
attached to the carbon skeleton is maximized. Stearic acid is an example of a saturated fatty acid

(Figure 2.37)
H'H H/ H ‘H'H H H HHEE R H S e
1 e 1 e e S S S e | O | 40
H—C—C—C—C—C—C—C—C—C—C—C—C—C—C—C—C—C—C\
L | | A e | ) O s | S L | e | i | OH
HaHE R HaEH A Ha O H O H A S H N

Figure 2.37 Stearic acid is a common saturated fatty acid.

When the hydrocarbon chain contains a double bond, the fatty acid is said to be unsaturated. Oleic
acid is an example of an unsaturated fatty acid (Figure 2.38).
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Figure 2.38 Oleic acid is a common unsaturated fatty acid.

Most unsaturated fats are liquid at room temperature and are called oils. If there is one double bond
in the molecule, then it is known as a monounsaturated fat (e.g., olive oil), and if there is more than
one double bond, then itis known as a polyunsaturated fat (e.g., canola oil).

When a fatty acid has no double bonds, it is known as a saturated fatty acid because no more
hydrogen may be added to the carbon atoms of the chain. A fat may contain similar or different fatty
acids attached to glycerol. Long straight fatty acids with single bonds tend to get packed tightly and
are solid at room temperature. Animal fats with stearic acid and palmitic acid (common in meat) and
the fat with butyric acid (common in butter) are examples of saturated fats. Mammals store fats in
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specialized cells called adipocytes, where globules of fat occupy most of the cell’s volume. In plants,

fat or oil is stored in many seeds and is used as a source of energy during seedling development.

Unsaturated fats or oils are usually of plant origin and contain cis unsaturated fatty acids. Cis and
trans indicate the configuration of the molecule around the double bond. If hydrogens are present in

the same plane, it is referred to as a cis fat; if the hydrogen atoms are on two different planes, it is

referred to as a trans fat. The cis double bond causes a bend or a “kink” that prevents the fatty acids
from packing tightly, keeping them liquid at room temperature (Figure 2.38). Olive oil, corn oil, canola

oil, and cod liver oil are examples of unsaturated fats. Unsaturated fats help to lower blood

cholesterol levels whereas saturated fats contribute to plaque formation in the arteries.

Saturated fatty acid
Stearic acid
o T B B Ry
N | | I | | | | | |
Ho/ \C/cl\c/c'\c/(i:\c/cl:\c Cl C CI C/Cl c/?\c/"
| | | | | | | | |
HHHHHHHHHHHHHHHHH
Unsaturated fatty acids
Cis oleic acid

O\HTHTHTH R BT R
Ho>c\c',C|\c',<;,\(';/c'\c',<|:§é ¢ c'/clxc,c\c,c\é,u
| | | I | | | |
g A g R R e e By
Chapter2 2-48



http://creativecommons.org/licenses/by-sa/4.0/

Unsaturated fatty acids have one or more double bonds. Each double bond may be in a cis or trans
configuration. In the cis configuration, both hydrogens are on the same side of the hydrocarbon chain.
In the trans configuration, the hydrogens are on opposite sides. A cis double bond causes a kink in the
chain.

Omega Fatty Acids

Essential fatty acids are fatty acids required but not synthesized by the human body. Consequently,
they have to be supplemented through ingestion via the diet. Omega-3 fatty acids (like that shown in
Figure 2.39) fall into this category and are one of only two known for humans (the other being omega-
6 fatty acid). These are polyunsaturated fatty acids and are called omega-3 because the third carbon
from the end of the hydrocarbon chain is connected to its neighbouring carbon by a double bond.

COOH

Figure 2.39 Alpha-linolenic acid is an example of an omega-3 fatty acid. It has three cis double bonds and, as a
result, a curved shape. For clarity, the carbons are not shown. Each singly bonded carbon has two hydrogens
associated with it, also not shown.

The farthest carbon away from the carboxyl group is numbered as the omega (w) carbon, and if the
double bond is between the third and fourth carbon from that end, it is known as an omega-3 fatty
acid. Nutritionally important because the body does not make them, omega-3 fatty acids include
alpha- linoleic acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA), all of which
are polyunsaturated. Salmon, trout, and tuna are good sources of omega-3 fatty acids. Research
indicates that omega-3 fatty acids reduce the risk of sudden death from heart attacks, reduce
triglycerides in the blood, lower blood pressure, and prevent thrombosis by inhibiting blood clotting.
They also reduce inflammation, and may help reduce the risk of some cancers in animals.
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Waxes

Wax covers the feathers of some aquatic
birds and the leaf surfaces of some plants.
Because of the hydrophobic nature of
waxes, they prevent water from sticking on
the surface (Figure 2.40). Waxes are made
up of long fatty acid chains esterified to
long-chain alcohols.

Phospholipids

Phospholipids are major constituents of
the plasma membrane, the outermost

layer of animal cells. Like fats, they are —— Phosphate
composed of fatty acid chains attached

to a glycerol or sphingosine backbone.
e Glycerol

Hydrophilic head

Instead of three fatty acids attached as in

triglycerides, however, there are two
fatty acids forming diacylglycerol, and

the third carbon of the glycerol
Saturated
fatty acid

backbone is occupied by a modified
phosphate group (Figure 2.41).

Unsaturated

A phosphate group alone attached to a fatty acid

diaglycerol does not qualify as a

Hydrophobic tails

phospholipid; it is phosphatidate
(diacylglycerol 3-phosphate), the
precursor of phospholipids. The
phosphate group is modified by an
alcohol. Phosphatidylcholine and
phosphatidylserine are two important
phospholipids that are found in plasma
membranes.
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A phospholipid is an amphipathic molecule, meaning it has a hydrophobic and a hydrophilic part. The
fatty acid chains are hydrophobic and cannot interact with water, whereas the phosphate-containing

group is hydrophilic and interacts with water (Figure 2.42).

Phospholipid
bilayer

Hydrophobic tail
Hydrophilic head group

Figure 2.42 The phospholipid bilayer is the major
component of all cellular membranes. The hydrophilic
head groups of the phospholipids face the aqueous
solution. The hydrophobic tails are sequestered in the
middle of the bilayer.

Steroids

The head is the hydrophilic part, and the tail
contains the hydrophobic fatty acids. In a
membrane, a bilayer of phospholipids forms the
matrix of the structure, the fatty acid tails of
phospholipids face inside, away from water,
whereas the phosphate group faces the outside,
aqueous side (Figure 2.42).

Phospholipids are responsible for the dynamic
nature of the plasma membrane. If a drop of
phospholipids is placed in water, it
spontaneously forms a structure known as a
micelle, where the hydrophilic phosphate heads
face the outside and the fatty acids face the
interior of this structure.

Unlike the phospholipids and fats discussed earlier, steroids have a fused ring structure. Although

they do not resemble the other lipids, they are grouped with them because they are also

hydrophobicand insoluble in water. All steroids have four linked carbon rings and several of them, like

cholesterol, have a short tail (Figure 2.43). Many steroids also have the ~OH functional group, which

puts them in the alcohol classification (sterols).
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Figure 2.43 Steroids such as cholesterol and cortisol are composed of four fused hydrocarbon rings.

Cholesterol is the most common steroid. Cholesterol is mainly synthesized in the liver and is the
precursor to many steroid hormones such as testosterone and estradiol, which are secreted by the
gonads and endocrine glands. It is also the precursor to Vitamin D. Cholesterol is also the precursor of
bile salts, which help in the emulsification of fats and their subsequent absorption by cells. Although
cholesterol is often spoken of in negative terms by lay people, it is necessary for proper functioning of
the body. It is a component of the plasma membrane of animal cells and is found within the
phospholipid bilayer. Being the outermost structure in animal cells, the plasma membrane is
responsible for the transport of materials and cellular recognition and it is involved in cell-to-cell
communication.

2.6.5 Proteins

Proteins are one of the most abundant organic molecules in living systems and have the most diverse
range of functions of all macromolecules. Proteins may be structural, regulatory, contractile, or
protective; they may serve in transport, storage, or membranes; or they may be toxins or enzymes.
Each cellin a living system may contain thousands of proteins, each with a unique function. Their
structures, like their functions, vary greatly. They are all, however, polymers of amino acids, arranged
in a linear sequence.
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Types and Functions of Proteins

Enzymes, which are produced by living cells, are catalysts in biochemical reactions (like digestion)
and are usually complex or conjugated proteins. Each enzyme is specific for the substrate (a reactant
that binds to an enzyme) it acts on. The enzyme may help in breakdown, rearrangement, or synthesis
reactions. Enzymes that break down their substrates are called catabolic enzymes, enzymes that
build more complex molecules from their substrates are called anabolic enzymes, and enzymes that
affect the rate of reaction are called catalytic enzymes. It should be noted that all enzymes increase
the rate of reaction and, therefore, are considered to be organic catalysts. An example of an enzyme is
salivary amylase, which hydrolyzes its substrate amylose, a component of starch.

Hormones are chemical-signaling molecules, usually small proteins or steroids, secreted by endocrine
cells that act to control or regulate specific physiological processes, including growth, development,
metabolism, and reproduction. For example, insulin is a protein hormone that helps to regulate the
blood glucose level. The primary types and functions of proteins are listed in Table 2.3.

Table 2.3 Protein Types and Functions

Type Examples Functions

Digestive Enzymes Amylase, lipase, pepsin, trypsin Helps in digestion of food catabolizing
nutrients into monomeric units

Transport Hemoglobin, albumin Carries substances in the blood or
lymph throughout the body

Structural Actin, tubulin, keratin Constructs different structures, like the
cytoskeleton

Hormones Insulin, thyroxine Coordinates the activity of different
body systems

Defense Immunoglobulins Protects the body from foreign
pathogens

Contractile Actin, myosin Effects muscle contraction

Storage Legume storage proteins, egg Provides nourishment in early

white (albumin) development of the embryo and

seedling

Proteins have different shapes and molecular weights; some proteins are globular in shape whereas
others are fibrous in nature. For example, hemoglobin is a globular protein, but collagen, found in our
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skin, is a fibrous protein. Protein shape is critical to its function, and this shape is maintained by many

different types of chemical bonds. Changes in temperature, pH, and exposure to chemicals may lead

to permanent changes in the shape of the protein, leading to loss of function, known as denaturation.

All proteins are made up of different arrangements of the same 20 types of amino acids.

Amino Acids

Amino acids are the monomers that make up
proteins. Each amino acid has the same
fundamental structure, which consists of a
central carbon atom, also known as the alpha
(a) carbon, bonded to an amino group (NH2), a
carboxyl group (COOH), and to a hydrogen
atom. Every amino acid also has another atom
or group of atoms bonded to the central atom
known as the R group (Figure 2.44).

The name "amino acid" is derived from the fact that they contain both amino group and carboxyl-

Amino group

Carboxyl group

L

« carbon

R

Side
chain

Figure 2.44 Amino acids have a central asymmetric
carbon to which an amino group, a carboxyl group, a
hydrogen atom, and a side chain (R group) are attached.

acid- group in their basic structure. As mentioned, there are 20 amino acids present in proteins. Ten of

these are considered essential amino acids in humans because the human body cannot produce them

and they are obtained from the diet.
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Which categories of amino acid would you expect to find on the surface of a soluble protein, and

which would you expect to find in the interior? What distribution of amino acids would you expect to

find in a protein embedded in a lipid bilayer?

The chemical nature of the side chain determines the nature of the amino acid (that is, whether it is

acidic, basic, polar, or nonpolar). For example, the amino acid glycine has a hydrogen atom as the R

group. Amino acids such as valine, methionine, and alanine are nonpolar or hydrophobic in nature,

while amino acids such as serine, threonine, and cysteine are polar and have hydrophilic side chains.

The side chains of lysine and arginine are positively charged, and therefore these amino acids are also

known as basic amino acids. Proline has an R group that is linked to the amino group, forming a ring-
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like structure. Proline is an exception to the standard structure of an amino acid since its amino group
is not separate from the side chain (Figure 2.45).

Amino acids are represented by a single upper case letter or a three-letter abbreviation. For example,
valine is known by the letter V or the three-letter symbol val. Just as some fatty acids are essential to a
diet, some amino acids are necessary as well. They are known as essential amino acids, and in
humans they include isoleucine, leucine, and cysteine. Essential amino acids refer to those necessary
for construction of proteins in the body, although not produced by the body; which amino acids are
essential varies from organism to organism.

The sequence and the number of amino H H

acids ultimately determine the protein's H \ | //0 H{ | //0
shape, size, and function. Each amino acid /N —-C —C\ /N —-C —'C\

is attached to another amino acid by a H |!| OH H I!'l OH
covalent bond, known as a peptide bond, *

which is formed by a dehydration reaction. H R |O H| R 0

The carboxyl group of one amino acid and \ Il l ' v

the amino group of the incoming amino H /N —(IZ ~UE —(|: - C\ OH

acid combine, releasing a molecule of H | H

water. The resulting bond is the peptide Peptide Bond

bond (Figure 2.46). —

synthesis reaction. The carboxyl group of one amino acid
is linked to the amino group of the incoming amino acid.
In the process, a molecule of water is released.

The products formed by such linkages are called peptides. As more amino acids join to this growing
chain, the resulting chain is known as a polypeptide. Each polypeptide has a free amino group at one
end. This end is called the N terminal, or the amino terminal, and the other end has a free carboxyl
group, also known as the C or carboxyl terminal. While the terms polypeptide and protein are
sometimes used interchangeably, a polypeptide is technically a polymer of amino acids, whereas the
term protein is used for a polypeptide or polypeptides that have combined together, often have
bound non-peptide prosthetic groups, have a distinct shape, and have a unique function. After
protein synthesis (translation), most proteins are modified. These are known as post-translational
modifications. They may undergo cleavage, phosphorylation, or may require the addition of other
chemical groups. Only after these modifications is the protein completely functional.

Protein Structure

As discussed earlier, the shape of a protein is critical to its function. For example, an enzyme can bind
to a specific substrate at a site known as the active site. If this active site is altered because of local
changes or changes in overall protein structure, the enzyme may be unable to bind to the substrate.
To understand how the protein gets its final shape or conformation, we need to understand the four
levels of protein structure: primary, secondary, tertiary, and quaternary.
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Primary Structure

The unique sequence of amino acids in a polypeptide chainis its primary structure. For example, the
pancreatic hormone insulin has two polypeptide chains, A and B, and they are linked together by
disulfide bonds. The N terminal amino acid of the A chain is glycine, whereas the C terminal amino
acid is asparagine (Figure 2.47). The sequences of amino acids in the A and B chains are unique to
insulin.

Figure 2.47 Bovine serum insulin is a protein hormone made of two peptide chains, A (21 amino acids long) and
B (30 amino acids long). In each chain, primary structure is indicated by three-letter abbreviations that
represent the names of the amino acids in the order they are present. The amino acid cysteine (cys) has a
sulfhydryl (SH) group as a side chain. Two sulfhydryl groups can react in the presence of oxygen to form a
disulfide (S-S) bond. Two disulfide bonds connect the A and B chains together, and a third helps the A chain fold
into the correct shape. Note that all disulfide bonds are the same length, but are drawn different sizes for clarity.

The unique sequence for every protein is ultimately determined by the gene encoding the protein. A
change in nucleotide sequence of the gene’s coding region may lead to a different amino acid being
added to the growing polypeptide chain, causing a change in protein structure and function. In sickle
cell anemia, the hemoglobin 8 chain (a small portion of which is shown in Figure 2.48) has a single
amino acid substitution, causing a change in protein structure and function. Specifically, the amino
acid glutamic acid is substituted by valine in the 3 chain. What is most remarkable to consider is that
a hemoglobin molecule is made up of two alpha chains and two beta chains that each consist of
about 150 amino acids. The molecule, therefore, has about 600 amino acids. The structural difference
between a normal hemoglobin molecule and a sickle cell molecule—which dramatically decreases life
expectancy—is a single amino acid of the 600. What is even more remarkable is that those 600 amino
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acids are encoded by three nucleotides each, and the mutation is caused by a single base change
(point mutation), 1 in 1800 bases.

H H O

I 73
threonine — proline —N —C — O — lys
|

CH, O

| I

CH, —C — OH .

glutamic acid hemogmmallobh
Amino acid

"' 0 ﬁ substitution
threoning — proling == N = C = O — lys
n 8
valine Sickle cell

hemoglobin

Figure 2.47 The beta chain of hemoglobin is 147 residues in length, yet a single amino acid substitution leads to
sickle cell anemia. In normal hemoglobin, the amino acid at position seven is glutamate. In sickle cell
hemoglobin, this glutamate is replaced by a valine.

Because of this change of one amino acid in
the chain, hemoglobin molecules form long
fibers that distort the biconcave, or disc-
shaped, red blood cells and assume a

crescent or “sickle” shape, which clogs
arteries (Figure 2.48). This can lead to
myriad serious health problems such as
breathlessness, dizziness, headaches, and
abdominal pain for those affected by this

disease.
Figure 2.48 In this blood smear, visualized at 535x
magnification using bright field microscopy, sickle cells
are crescent shaped, while normal cells are disc-shaped.
(credit: modification of work by Ed Uthman; scale-bar
data from Matt Russell)

Secondary Structure

The local folding of the polypeptide in some regions gives rise to the secondary structure of the
protein. The most common are the a-helix and 3-pleated sheet structures (Figure 2.49). Both
structures are the a-helix structure—the helix held in shape by hydrogen bonds. The hydrogen bonds
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form between the oxygen atom in the carbonyl group in one amino acid and another amino acid that
is four amino acids farther along the chain.

Secondary Protein Structure
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Every helical turnin an alpha helix has 3.6 amino acid residues. The R groups (the variant groups) of
the polypeptide protrude out from the a-helix chain. In the B-pleated sheet, the “pleats” are formed
by hydrogen bonding between atoms on the backbone of the polypeptide chain. The R groups are
attached to the carbons and extend above and below the folds of the pleat. The pleated segments
align parallel or antiparallel to each other, and hydrogen bonds form between the partially positive
nitrogen atom in the amino group and the partially negative oxygen atom in the carbonyl group of the
peptide backbone. The a-helix and 3-pleated sheet structures are found in most globular and fibrous
proteins and they play an important structural role.

Tertiary Structure

The unique three-dimensional structure of a polypeptide is its tertiary structure (Figure 2.51). This
structure is in part due to chemical interactions at work on the polypeptide chain. Primarily, the
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interactions among R groups creates the complex three-dimensional tertiary structure of a protein.
The nature of the R groups found in the amino acids involved can counteract the formation of the
hydrogen bonds described for standard secondary structures. For example, R groups with like charges
are repelled by each other and those with unlike charges are attracted to each other (ionic bonds).
When protein folding takes place, the hydrophobic R groups of nonpolar amino acids lay in the
interior of the protein, whereas the hydrophilic R groups lay on the outside. The former types of
interactions are also known as hydrophobic interactions. Interaction between cysteine side chains
forms disulfide linkages in the presence of oxygen, the only covalent bond forming during protein
folding.
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Figure 2.51 The tertiary structure of proteins is determined by a variety of chemical interactions. These include
hydrophobic interactions, ionic bonding, hydrogen bonding and disulfide linkages.

All of these interactions, weak and strong, determine the final three-dimensional shape of the protein.
When a protein loses its three-dimensional shape, it may no longer be functional.

Quaternary Structure

In nature, some proteins are formed from several polypeptides, also known as subunits, and the
interaction of these subunits forms the quaternary structure. Weak interactions between the subunits
help to stabilize the overall structure. For example, insulin (a globular protein) has a combination of
hydrogen bonds and disulfide bonds that cause it to be mostly clumped into a ball shape. Insulin
starts out as a single polypeptide and loses some internal sequences in the presence of post-
translational modification after the formation of the disulfide linkages that hold the remaining chains
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together. Silk (a fibrous protein), however, has a 3-pleated sheet structure that is the result of
hydrogen bonding between different chains.

The four levels of protein structure (primary, secondary, tertiary, and quaternary) are illustrated in
Figure 2.52.

Amino acids

Primary Protein structure

sequence of a chain of
animo acids

acids to fold into a repeating
pattern

Tertiary protein structure
three-dimensional folding
pattern of a protein due to side
chain interactions

Quaternary protein structure
protein consisting of more

Figure 2.52 The four levels of protein structure can be observed in these illustrations. (credit: modification of
work by National Human Genome Research Institute)

Denaturation and Protein Folding

Each protein has its own unique sequence and shape that are held together by chemical interactions.
If the protein is subject to changes in temperature, pH, or exposure to chemicals, the protein structure
may change, losing its shape without losing its primary sequence in what is known as denaturation.
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Denaturation is often reversible because the primary structure of the polypeptide is conserved in the
process if the denaturing agent is removed, allowing the protein to resume its function. Sometimes
denaturation s irreversible, leading to loss of function. One example of irreversible protein
denaturation is when an egg is fried. The albumin protein in the liquid egg white is denatured when
placed in a hot pan. Not all proteins are denatured at high temperatures; for instance, bacteria that
survive in hot springs have proteins that function at temperatures close to boiling. The stomach is
also very acidic, has a low pH, and denatures proteins as part of the digestion process; however, the
digestive enzymes of the stomach retain their activity under these conditions.

Protein folding is critical to its function. It was originally thought that the proteins themselves were
responsible for the folding process. Only recently was it found that often they receive assistance in the
folding process from protein helpers known as chaperones (or chaperonins) that associate with the
target protein during the folding process. They act by preventing aggregation of polypeptides that
make up the complete protein structure, and they disassociate from the protein once the target
protein is folded.

2.6.6 Nucleic Acids

Nucleic acids are the most important macromolecules for the continuity of life. They carry the genetic
blueprint of a cell and carry instructions for the functioning of the cell.

DNA and RNA

The two main types of nucleic acids are deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). DNA
is the genetic material found in all living organisms, ranging from single-celled bacteria to
multicellular mammals. It is found in the nucleus of eukaryotes and in the organelles, chloroplasts,
and mitochondria. In prokaryotes, the DNA is not enclosed in a membranous envelope.

The entire genetic content of a cell is known as its genome, and the study of genomes is genomics. In
eukaryotic cells but not in prokaryotes, DNA forms a complex with histone proteins to form
chromatin, the substance of eukaryotic chromosomes. A chromosome may contain tens of thousands
of genes. Many genes contain the information to make protein products; other genes code for RNA
products. DNA controls all of the cellular activities by turning the genes “on” or “off.”

The other type of nucleic acid, RNA, is mostly involved in protein synthesis. The DNA molecules never
leave the nucleus but instead use an intermediary to communicate with the rest of the cell. This
intermediary is the messenger RNA (mRNA). Other types of RNA—like rRNA, tRNA, and microRNA—are
involved in protein synthesis and its regulation.

DNA and RNA are made up of monomers known as nucleotides. The nucleotides combine with each
other to form a polynucleotide, DNA or RNA. Each nucleotide is made up of three components: a
nitrogenous base, a pentose (five-carbon) sugar, and a phosphate group (Figure 2.53). Each
nitrogenous base in a nucleotide is attached to a sugar molecule, which is attached to one or more
phosphate groups.
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Figure 2.53 A nucleotide is made up of three components: a nitrogenous base, a pentose sugar, and one or more
phosphate groups. Carbon residues in the pentose are numbered 1' through 5' (the prime distinguishes these
residues from those in the base, which are numbered without using a prime notation). The base is attached to
the 1' position of the ribose, and the phosphate is attached to the 5' position. When a polynucleotide is formed,
the 5' phosphate of the incoming nucleotide attaches to the 3" hydroxyl group at the end of the growing chain.
Two types of pentose are found in nucleotides, deoxyribose (found in DNA) and ribose (found in RNA).
Deoxyribose is similar in structure to ribose, but it has an Hinstead of an OH at the 2 position. Bases can be
divided into two categories: purines and pyrimidines. Purines have a double ring structure, and pyrimidines
have a single ring.

The nitrogenous bases, important components of nucleotides, are organic molecules and are so
named because they contain carbon and nitrogen. They are bases because they contain an amino
group that has the potential of binding an extra hydrogen, and thus, decreases the hydrogen ion
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concentration in its environment, making it more basic. Each nucleotide in DNA contains one of four
possible nitrogenous bases: adenine (A), guanine (G) cytosine (C), and thymine (T).

Adenine and guanine are classified as purines. The primary structure of a purine is two carbon-
nitrogen rings. Cytosine, thymine, and uracil are classified as pyrimidines which have a single carbon-
nitrogen ring as their primary structure (Figure 2.53). Each of these basic carbon-nitrogen rings has
different functional groups attached to it. In molecular biology shorthand, the nitrogenous bases are
simply known by their symbols A, T, G, C, and U. DNA contains A, T, G, and C whereas RNA contains A,
U, G, and C.

The pentose sugar in DNA is deoxyribose, and in RNA, the sugar is ribose (Figure 2.53). The difference
between the sugars is the presence of the hydroxyl group on the second carbon of the ribose and
hydrogen on the second carbon of the deoxyribose. The carbon atoms of the sugar molecule are
numbered as1',2',3',4',and 5' (1'is read as “one prime”). The phosphate residue is attached to the
hydroxyl group of the 5' carbon of one sugar and the hydroxyl group of the 3’ carbon of the sugar of
the next nucleotide, which forms a 5'-3' phosphodiester linkage. The phosphodiester linkage is not
formed by simple dehydration reaction like the other linkages connecting monomers in
macromolecules: its formation involves the removal of two phosphate groups. A polynucleotide may
have thousands of such phosphodiester linkages.

DNA Double-Helix Structure

DNA has a double-helix structure (Figure2.54).
The sugar and phosphate lie on the outside of the
helix, forming the backbone of the DNA. The
nitrogenous bases are stacked in the interior, like
the steps of a staircase, in pairs; the pairs are
bound to each other by hydrogen bonds. Every
base pairin the double helivx is separated from
the next base pair by 0.34 nm. The two strands of
the helix run in opposite directions, meaning that

the 5' carbon end of one strand will face the 3’
carbon end of its matching strand. (This is
Figure 2.54 Native DNA is an antiparallel double
helix. The phosphate backbone (indicated by the
important to DNA replication and in many nucleic curvy lines) is on the outside, and the bases are on
acid interactions.) the inside. Each base from one strand interacts via
hydrogen bonding with a base from the opposing
strand. (credit: Jerome Walker/Dennis Myts)

referred to as antiparallel orientation and is

Only certain types of base pairing are allowed. For example, a certain purine can only pair with a
certain pyrimidine. This means A can pair with T, and G can pair with C, as shown in Figure 2.55. This is
known as the base complementary rule. In other words, the DNA strands are complementary to each
other. If the sequence of one strand is AATTGGCC, the complementary strand would have the
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sequence TTAACCGG. During DNA replication, each strand is copied, resulting in a daughter DNA
double helix containing one parental DNA strand and a newly synthesized strand.
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RNA

Ribonucleic acid, or RNA, is mainly involved in the process of protein synthesis under the direction of
DNA. RNA is usually single-stranded and is made of ribonucleotides that are linked by phosphodiester
bonds. A ribonucleotide in the RNA chain contains ribose (the pentose sugar), one of the four
nitrogenous bases (A, U, G, and C), and the phosphate group.

There are four major types of RNA: messenger RNA (mMRNA), ribosomal RNA (rRNA), transfer RNA
(tRNA), and microRNA (miRNA). The first, mRNA, carries the message from DNA, which controls all of
the cellular activities in a cell. If a cell requires a certain protein to be synthesized, the gene for this
product is turned “on” and the messenger RNA is synthesized in the nucleus. The RNA base sequence
is complementary to the coding sequence of the DNA from which it has been copied. However, in RNA,
the base T is absent and U is present instead. If the DNA strand has a sequence AATTGCGC, the
sequence of the complementary RNA is UUAACGCG. In the cytoplasm, the mRNA interacts with
ribosomes and other cellular machinery (Figure 2.56).
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The mRNA is read in sets of three bases known as codons. Each codon codes for a single amino acid.

In this way, the mRNA is read and the protein product is made. Ribosomal RNA (rRNA) is a major

constituent of ribosomes on which the mRNA binds. The rRNA ensures the proper alignment of the

mRNA and the ribosomes; the rRNA of the ribosome also has an enzymatic activity (peptidyl
transferase) and catalyzes the formation of the peptide bonds between two aligned amino acids.

Transfer RNA (tRNA) is one of the smallest of the four types of RNA, usually 70-90 nucleotides long. It

carries the correct amino acid to the site of protein synthesis. It is the base pairing between the tRNA

and mRNA that allows for the correct amino acid to be inserted in the polypeptide chain. microRNAs

are the smallest RNA molecules and their role involves the regulation of gene expression by interfering

with the expression of certain mMRNA messages. Table 2-4 summarizes features of DNA and RNA.

Table 2.4 Features of DNA and RNA

DNA RNA
Function Carries genetic information Involved in protein sythesis
Location Remains in the nucleus Leaves the nucleus
Structure Double helix Usually single-stranged
Sugar Deoxyribose Ribose
Pyrimidines Cytosine, thymine Cytosine, uracil
Purines Adenine, guanine Adenine, guanine
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Even though the RNA is single stranded, most RNA types show extensive intramolecular base pairing
between complementary sequences, creating a predictable three-dimensional structure essential for
their function.

Information flow in an organism takes place from DNA to RNA to protein. DNA dictates the structure of
mMRNA in a process known as transcription, and RNA dictates the structure of protein in a process
known as translation. This is known as the Central Dogma of Life, which holds true for all organisms;
however, exceptions to the rule occur in connection with viral infections.

Visit this website:

HHMI Biolnteractive website (videos)
Scan this QR code or use the link below to explore more about DNA.

http://www.hhmi.org/biointeractive/explore-dna

]

[=]:=

Watch the video:

Molecules of Life (video 10:46 minutes)
Scan this QR code or use the link to watch the video “Molecules of Life” by Bozemanscience.com.

http://www.bozemanscience.com/molecules-of-life

2-67



http://creativecommons.org/licenses/by-sa/4.0/
http://www.hhmi.org/biointeractive/explore-dna
http://www.bozemanscience.com/molecules-of-life

Watch the video:

Biological Molecules (video 15:19 minutes)

Scan this QR code or use the link to watch the video “Biological Molecules” by Bozemanscience.com.

http://www.bozemanscience.com/042-biologoical-molecules
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Review Questions

1. If xenon has an atomic number of 54 and a mass number of 108, how many neutrons

doesit have?

a. 54
b. 27
C. 100
d. 108
2. Atoms that vary in the number of neutrons found in their nuclei are called
a. ions
b. neutrons
C. neutral atoms
d. isotopes
3. Potassium has an atomic number of 19. What is its electron configuration?
a. shells 1 and 2 are full, and shell 3 has nine electrons
b. shells 1, 2 and 3 are full and shell 4 has three electrons
C. shells 1,2 and 3 are full and shell 4 has one electron
d. shells 1,2 and 3 are full and no other electrons are present
4, Which type of bond represents a weak chemical bond?
a. hydrogen bond
b. atomic bond
C. covalent bond
d. nonpolar covalent bonds
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5. Which of the following statements is not true?

a. Water is polar
b. Water stabilizes temperature
C. Water is essential for life
d. Water is the most abundant molecule
6. Which of the following statements is true?
a. Acids and bases cannot mix together
b. Acids and bases will neutralize each other
C. Acids, but not bases, can change the pH of a solution
d. Acids donate hydroxide ions; bases donate hydrogen ions
7. When acids are added to a solution, the pH
a. decrease
b. increase
C. stay the same
d. cannot tell without testing
8. A molecule that binds up excess hydrogen ions in a solution is called a(n)
a. acid
b. isotope
C. base
d. donator
9. Each carbon molecule can bond withasmanyas__ other atom(s) or molecule(s).
a. one
b. two
C. SixX
d. four
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10. Which of the following is not a functional group that can bond with carbon?

a. sodium
b. hydroxyl
C. phosphate
d. carbonyl
11. Dehydration synthesis leads to formation of
a. monomers
b. polymers
C. water and polymers
d. none of the above
12. During the breakdown of polymers, which of the following reactions takes place?
a. hydrolysis

b. dehydration

C. condensation
d. covalent bond
13. An example of a monosaccharide is
a. fructose
b. glucose
C. galactose
d. all of the above
14. Cellulose and starch are examples of:
a. monosaccharides
b. disaccharides
C. lipids
d. polysaccharides
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15. Which of the following do plant cell walls contain in abundance?

a. starch
b. cellulose
C. glycogen
d. lactose
16. Lactose is a dissaccharide formed by the formation of a bond between glucose
and
a. glycosidic; lactose
b. glycosidic; galactose
C. hydrogen; sucrose
d. hydrogen; fructose
17. Saturated fats have all of the following characteristics except:
a. they are solid at room temperature
b. they have single bonds within the carbon chain
C. they are usually obtained from animal sources
d. they tend to dissolve in water easily
18. Phospholipids are important components of
a. the plasma membrane of animal cells
b. the ring structure of steroids
C. the waxy covering on leaves
d. the double bond in hydrocarbon chains
19. The monomers that make up proteins are called
a. nucleotides
b. disaccharides
C. amino acids
d. chaperones
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20. A nucleotide of DNA may contain

a. ribose, uracil, and a phosphate group
b. deoxyribose, uracil, and a phosphate group
C. deoxyribose, thymine, and a phosphate group
d. ribose, thymine, and a phosphate group

21. Aldoses have a carbonyl group at the end of a carbon chain.
a. True
b. False

22.  Amylose and amylopectin are two different forms of starch.
a. True
b. False

23. There are only two forms of RNA.
a. True
b. False

24. Ifthe DNA strand has a sequence AATTGCGC, the sequence of the complementary RNA is:
a. TTAACGCG
b. UUTTCGCG
C. GGCCAUAU
d. UUAACGCG

25.  Inhydrolysis, a water molecule is produced in the reaction.
a. True
b. False
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Learning Outcomes

By the end of this chapter, you will be able to:

>

>

Differentiate between prokaryotic and eukaryotic cells in terms of general features.

Describe the external features of bacterial cells including glycocalyx, flagella, fimbriae and pili,
cell walls, cytoplasmic membranes.

Discuss the differences between Gram-negative and Gram-positive cell walls and how this
affects gram reactions of bacteria.

Differentiate between movement of substances across bacterial cytoplasmic membranes via
passive and active processes.

Differentiate between diffusion, facilitated diffusion and osmosis.
Differentiate between active transport and group translocation.

Describe the features that make up bacterial cytoplasm including cytosol, inclusions
endospores, ribosomes and cytoskeleton.

Describe the external features of Archaea including glycocalyx, flagella, fimbriae, hami, cells
walls and cytoplasmic membranes.

Compare and contrast the structural features of bacteria and archaea.

Describe the external features of eukaryotic cells including glycocalyx, cell walls, cytoplasmic
membranes, and flagella.

Discuss the features of cytoplasm of eukaryotic cells and how they differ from prokaryotic
cells, including cilia, ribosomes, cytoskeleton, centrioles and centrosomes, nucleus and other
membrane bound organelles.

Discuss the endosymbiotic theory.
Compare and contrast organelles of prokaryotic and eukaryotic cells.

Compare archaeal, bacterial and eukaryotic cells.
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3.1 An Overview of Prokaryotic and Eukaryotic Cells

3.1.1 Characteristics of Prokaryotic Cells
All prokaryotic and eukaryotic cells share four common components:

1. aplasma membrane: an outer covering that separates the cell's interior from its surrounding
environment.
cytoplasm: a jelly-like cytosol within the cell in which other cellular components are found
DNA: the genetic material of the cell
ribosomes: sites of protein synthesis

However, prokaryotes differ from eukaryotic cells in several ways.

A prokaryote is a simple, single-celled (unicellular) organism that lacks an organized nucleus or any
other membrane-bound organelle. We will shortly come to see that this is significantly different in
eukaryotes. Prokaryotic DNA is found in a central part of the cell: the nucleoid.

Most prokaryotes have a peptidoglycan cell wall and many have a polysaccharide capsule. The cell
wall acts as an extra layer of protection, helps the cell maintain its shape, and prevents dehydration.
The capsule enables the cell to attach to surfaces in its environment. Some prokaryotes have flagella,
pili, or fimbriae. Flagella are used for locomotion. Pili are used to exchange genetic material during a
type of reproduction called conjugation. Bacteria use fimbriae to attach to a host cell.

Cell
membrane

Flagellum

Chromosomal DNA is
localized in a region
called the nucleoid.

Figure 3.1 General Structure of a Prokaryotic Cell
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This figure shows the generalized structure of a prokaryotic cell. All prokaryotes have chromosomal
DNA localized in a nucleoid, ribosomes, a cell membrane, and a cell wall. The other structures shown
are present in some, but not all, bacteria.

3.1.2 CellSize

At 0.1 to 5.0 ym in diameter, prokaryotic cells are significantly smaller than eukaryotic cells, which
have diameters ranging from 10 to 100 pm . The small size of prokaryotes allows ions and organic
molecules that enter them to quickly diffuse to other parts of the cell. Similarly, any wastes produced
within a prokaryotic cell can quickly diffuse out. This is not the case in eukaryotic cells, which have
developed different structural adaptations to enhance intracellular transport.

Microbial Size

% . Protein

Lipids

Relatives sizes on a logarithmic scale
1 1 | 1 1 1 1 1 1 1 1
01nm 1nm 10 nm 100 nm 1pm 10 ym 100 pm 1mm 10mm 100 mm im
1

T
Naked eye

L
Light microscope

Electron microscope

Figure 3.2 the relative sizes of microbes on a logarithmic scale (each unit of increase in a logarithmic scale
represents a 10-fold increase in the quantity being measured).

Small size, in general, is necessary for all cells, whether prokaryotic or eukaryotic. Let's examine why
that is so. First, we'll consider the area and volume of a typical cell. Not all cells are spherical in shape,
but most tend to approximate a sphere. You may remember from your high school geometry course
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that the formula for the surface area of a sphere is 4mr2, while the formula for its volume is 4/3mr3.
Thus, as the radius of a cell increases, its surface area increases as the square of its radius, but its
volume increases as the cube of its radius (much more rapidly). Therefore, as a cell increases in size,
its surface area-to-volume ratio decreases. This same principle would apply if the cell had the shape
of a cube.. If the cell grows too large, the plasma membrane will not have sufficient surface area to
support the rate of diffusion required for the increased volume. In other words, as a cell grows, it
becomes less efficient. One way to become more efficient is to divide; another way is to develop
organelles that perform specific tasks. These adaptations led to the development of more
sophisticated cells called eukaryotic cells.

T Tmm 2mm . S
1 nl-"'n _I_ ‘. 4_§ LG

Figure 3.3 Notice that as a cell increases in size, its surface area-to-volume ratio decreases. When there is
insufficient surface area to support a cell's increasing volume, a cell will either divide or die. The cell on the left
has a volume of 1 mm3 and a surface area of 6 mm2, with a surface area-to-volume ratio of 6 to 1, whereas the
cell on the right has a volume of 8 mm3 and a surface area of 24 mm2, with a surface area-to-volume ratio of 3 to
1.

3.1.3 Cytoplasmic Membranes of Prokaryotic and Eukaryotic Cells

The plasma membrane protects the cell from the external environment, regulates cellular transport,
and transmits cellular signals.

Structure of Plasma Membranes

The plasma membrane (also known as the cell membrane or cytoplasmic membrane) is a biological
membrane that separates the interior of all cells from the outside environment. The primary function
of the plasma membrane is to protect the cell from its surroundings. Composed of a phospholipid
bilayer with embedded proteins, the plasma membrane is selectively permeable to ions and organic
molecules and regulates the movement of substances in and out of cells. The plasma membrane also
plays a role in anchoring the cytoskeleton to provide shape to the cell, and in attaching to the
extracellular matrix and other cells to help group cells together to form tissues. Plasma membranes
must very flexible in order to allow certain cells, such as red blood cells and white blood cells, to
change shape as they pass through narrow capillaries.
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The Plasma Membrane and Cellular Transport

The plasma membrane is composed of a fluid phospholipid bilayer, which physically separates the
intracellular components from the extracellular environment. The cell membrane is selectively
permeable and able to regulate what enters and exits the cell, thus facilitating the transport of
materials needed for survival. The movement of substances across the membrane can be either
"passive," occurring without the input of cellular energy, or "active," requiring the cell to expend
energy in transporting it. The membrane also maintains the cell potential. The cell membrane thus
works as a selective filter that allows only certain things to come inside or go outside the cell. The cell
employs a number of transport mechanisms that involve biological membranes:

= Passive osmosis and diffusion: transports gases (such as oxygen and carbon dioxide) and
other small molecules and ions

= Trans-membrane protein channels and transporters: transport small organic molecules such
assugars or amino acids

= Endocytosis: transports large molecules (or even whole cells) by engulfing them
= Exocytosis: removes or secretes substances such as hormones or enzymes
= The Plasma Membrane and Cellular Signalling

Among the most sophisticated functions of the plasma membrane is the ability to transmit signals by
means of complex, integral proteins known as receptors. These proteins act as both receivers of
extracellular inputs and as activators of intracellular processes. These membrane receptors provide
extracellular attachment sites for effectors like hormones and growth factors, which then trigger an
intracellular response. Some viruses, such as Human Immunodeficiency Virus (HIV), can hijack these
receptors to gain entry into the cells, causing infections.

The surface of the plasma membrane also carries special proteins that act as markers and allow cells
to recognize one another, which is vital for cell signalling tissue and organ formation during early
development and later plays a role in the "self" versus "non-self" distinction of the immune response.
These markers on red blood cells determine human blood cell type, such as A, B, AB, or O.
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3.1.4 Transport across the Cell Membrane

Facilitated transport

Facilitated diffusion is a process by which molecules are transported across the plasma membrane
with the help of membrane proteins.

Facilitated transport is a type of passive transport. Unlike simple diffusion where materials pass
through a membrane without the help of proteins, in facilitated transport, also called facilitated
diffusion, materials diffuse across the plasma membrane with the help of membrane proteins. A
concentration gradient exists that would allow these materials to diffuse into the cell without
expending cellular energy. However, these materials are ions or polar molecules that are repelled by
the hydrophobic parts of the cell membrane. Facilitated transport proteins shield these materials
from the repulsive force of the membrane, allowing them to diffuse into the cell.

The material being transported is first attached to protein or glycoprotein receptors on the exterior
surface of the plasma membrane. This allows the material that is needed by the cell to be removed
from the extracellular fluid. The substances are then passed to specific integral proteins that facilitate
their passage. Some of these integral proteins are collections of beta-pleated sheets that form a
channel through the phospholipid bilayer. Others are carrier proteins, which bind with the substance
and aid its diffusion through the membrane.

Channels

The integral proteins involved in facilitated transport are collectively referred to as transport proteins;
they function as either channels for the material or carriers. In both cases, they are trans-membrane
proteins. Channels are specific for the substance that is being transported. Channel proteins have
hydrophilic domains exposed to the intracellular and extracellular fluids; they additionally have a
hydrophilic channel through their core that provides a hydrated opening through the membrane
layers. Passage through the channel allows polar compounds to avoid the nonpolar central layer of
the plasma membrane that would otherwise slow or prevent their entry into the cell. Aquaporins are
channel proteins that allow water to pass through the membrane at a very high rate.
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Figure 3.5 Channel Proteins in Facilitated Transport

Facilitated transport moves substances down their concentration gradients. They may cross the
plasma membrane with the aid of channel proteins.

Channel proteins are either open at all times or they are "gated," which controls the opening of the
channel. The attachment of a particular ion to the channel protein may control the opening or other
mechanisms or substances may be involved. In some tissues, sodium and chloride ions pass freely
through open channels, whereas in other tissues, a gate must be opened to allow passage. An
example of this occurs in the kidney, where both forms of channels are found in different parts of the
renal tubules. Cells involved in the transmission of electrical impulses, such as nerve and muscle cells,
have gated channels for sodium, potassium, and calcium in their membranes. Opening and closing of
these channels changes the relative concentrations on opposing sides of the membrane of these ions,
resulting in the facilitation of electrical transmission along membranes (in the case of nerve cells) or in
muscle contraction (in the case of muscle cells).

Carrier Proteins

Another type of protein embedded in the plasma membrane is a carrier protein. This protein binds a
substance and, in doing so, triggers a change of its own shape, moving the bound molecule from the
outside of the cell to its interior; depending on the gradient, the material may move in the opposite
direction. Carrier proteins are typically specific for a single substance. This adds to the overall
selectivity of the plasma membrane. The exact mechanism for the change of shape is poorly
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understood. Proteins can change shape when their hydrogen bonds are affected, but this may not
fully explain this mechanism. Each carrier protein is specific to one substance, and there are a finite
number of these proteins in any membrane. This can cause problems in transporting enough of the
material for the cell to function properly.

Extracellular fluid

Plasma
membrane

Carrier ‘
o proteins N

Figure 3.6 Carrier Proteins

Some substances are able to move down their concentration gradient across the plasma membrane
with the aid of carrier proteins. Carrier proteins change shape as they move molecules across the
membrane.

An example of this process occurs in the kidney. Glucose, water, salts, ions, and amino acids needed
by the body are filtered in one part of the kidney. This filtrate, which includes glucose, is then
reabsorbed in another part of the kidney. Because there are only a finite number of carrier proteins for
glucose, if more glucose is present then the proteins can handle, the excess is not transported; it is
excreted from the body in the urine. In a diabetic individual, this is described as "spilling glucose into
the urine." A different group of carrier proteins called glucose transport proteins, or GLUTs, are
involved in transporting glucose and other hexose sugars through plasma membranes within the
body.

Channel and carrier proteins transport material at different rates. Channel proteins transport much
more quickly than do carrier proteins. Channel proteins facilitate diffusion at a rate of tens of millions
of molecules per second, whereas carrier proteins work at a rate of a thousand to a million molecules
per second.
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Primary Active Transport

The primary active transport that functions with the active transport of sodium and potassium allows

secondary active transport to occur. The secondary transport method is still considered active
because it depends on the use of energy as does primary transport.
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Figure 3.7 Active Transport of Sodium and Potassium
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Primary active transport moves ions across a membrane, creating an electrochemical gradient

(electrogenic transport).

Concentration

One of the most important pumps in animals’ cells is the sodium-potassium pump (Na*-K*ATPase),
which maintains the electrochemical gradient (and the correct concentrations of Na* and K*) in living
cells. The sodium-potassium pump moves two K" into the cell while moving three Na* out of the cell.
The Na*™-K"ATPase exists in two forms, depending on its orientation to the interior or exterior of the
cell and its affinity for either sodium or potassium ions. The process consists of the following six steps:

1. With the enzyme oriented towards the interior of the cell, the carrier has a high affinity for

sodium ions. Three sodium ions bind to the protein.

2. ATPis hydrolyzed by the protein carrier, and a low-energy phosphate group attaches to it.
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3. Asaresult, the carrier changes shape and re-orients itself towards the exterior of the
membrane. The protein's affinity for sodium decreases, and the three sodium ions leave the
carrier.

4. The shape change increases the carrier's affinity for potassium ions, and two such ions attach
to the protein. Subsequently, the low-energy phosphate group detaches from the carrier.

5. With the phosphate group removed and potassium ions attached, the carrier protein
repositions itself towards the interior of the cell.

6. The carrier protein, in its new configuration, has a decreased affinity for potassium, and the
two ions are released into the cytoplasm. The protein now has a higher affinity for sodium
ions, and the process starts again.

Several things have happened as a result of this process. At this point, there are more sodium ions
outside of the cell than inside and more potassium ions inside than out. For every three ions of
sodium that move out, two ions of potassium move in. This results in the interior being slightly more
negative relative to the exterior. This difference in charge is important in creating the conditions
necessary for the secondary process. The sodium-potassium pump is, therefore, an electrogenic
pump (a pump that creates a charge imbalance), creating an electrical imbalance across the
membrane and contributing to the membrane potential.

ABC Transporters

ATP-binding cassette transporters (ABC-transporters) are members of a protein superfamily that is
one of the largest and most ancient families with representatives in all extant phyla from prokaryotes
to humans.

ABC transporters are trans-membrane proteins that utilize the energy of adenosine triphosphate
(ATP) hydrolysis to carry out certain biological processes including translocation of various substrates
across membranes and non-transport-related processes such as translation of RNA and DNA repair.
They transport a wide variety of substrates across extra- and intracellular membranes, including
metabolic products, lipids and sterols, and drugs. Proteins are classified as ABC transporters based on
the sequence and organization of their ATP-binding cassette (ABC) domain(s).

ABC transporters are involved in tumour resistance, cystic fibrosis and a range of other inherited
human diseases along with both bacterial (prokaryotic) and eukaryotic (including human)
development of resistance to multiple drugs. Bacterial ABC transporters are essential in cell viability,
virulence, and pathogenicity.

ABC transporters are divided into three main functional categories. In prokaryotes, importers mediate
the uptake of nutrients into the cell. The substrates that can be transported include ions, amino acids,
peptides, sugars, and other molecules that are mostly hydrophilic. The membrane-spanning region of
the ABC transporter protects hydrophilic substrates from the lipids of the membrane bilayer thus
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providing a pathway across the cell membrane . In gram-negative bacteria, exporters transport lipids
and some polysaccharides from the cytoplasm to the periplasm. Eukaryotes do not possess any
importers. Exporters or effluxers, which are both present in prokaryotes and eukaryotes, function as
pumps that extrude toxins and drugs out of the cell. The third subgroup of ABC proteins do not
function as transporters, but rather are involved in translation and DNA repair processes.

substrate @
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binding protein
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In bacterial efflux systems, certain substances that need to be extruded from the cell include surface
components of the bacterial cell (e.g. capsular polysaccharides, lipopolysaccharides, and teichoic
acid), proteins involved in bacterial pathogenesis (e.g. hemolysis, heme-binding protein, and alkaline
protease), heme, hydrolytic enzymes, S-layer proteins, competence factors, toxins, antibiotics,
bacteriocins, peptide antibiotics, drugs and sideophores. They also play important roles in
biosynthetic pathways, including extracellular polysaccharide biosynthesis and cytochrome
biogenesis.

Siderophores

Iron is essential for almost all living organisms as it is involved in a wide variety of important
metabolic processes. However, iron is not always readily available; therefore, microorganisms use
various iron uptake systems to secure sufficient supplies from their surroundings. There is
considerable variation in the range of iron transporters and iron sources utilized by different
microbial species. Pathogens, in particular, require efficient iron acquisition mechanisms to enable
them to compete successfully for iron in the highly iron-restricted environment of the host's tissues
and body fluids.

Siderophores are small, high-affinity iron chelating compounds secreted by microorganisms such as
bacteria, fungi, and grasses. Siderophores are amongst the strongest soluble Fe3+ binding agents
known. Iron is essential for almost all life, because of its vital role in processes like respiration and
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DNA synthesis. However, despite being one of the most abundant elements in the Earth's crust, the
bioavailability of iron in many environments such as the soil or sea is limited by the very low solubility
of the Fe3+ion. This state is predominant one of iron in aqueous, non-acidic, oxygenated
environments, and accumulates in common mineral phases such as iron oxides and hydroxides (the
minerals that are responsible for red and yellow soil colours). Hence, organisms cannot readily utilize
it. Microbes release sideophores to scavenge iron from these mineral phases by formation of soluble
Fe3+ complexes that can be taken up by active transport mechanisms. Many siderophores are
nonribosomal peptides, although several are biosynthesised independently.

Siderophores are amongst the strongest binders to Fe3+ known, with enterobactin being one of the
strongest of these. Because of this property, they have attracted interest from medical science in
metal chelation therapy, with the siderophore desferrioxamine B gaining widespread use in
treatments for iron poisoning and thalassemia.
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Figure 3.9 Synthesis of enterobactin
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Enterobactin (also known as enterochelin) is a high affinity siderophore that acquires iron for microbial systems.
Itis primarily found in Gram-negative bacteria, such as Escherichia coli and Salmonella typhimurium.

Iron is tightly bound to proteins such as hemoglobin, transferrin, lactoferrin, and ferritin. There are
great evolutionary pressures put on pathogenic bacteria to obtain this metal. For example, the
anthrax pathogen Bacillus anthracis releases two siderophores, bacillibactin and petrobactin, to
scavenge ferric iron from iron proteins. While bacillibactin has been shown to bind to the immune
system protein siderocalin, petrobactin is assumed to evade the immune system and has been shown
to be important for virulence in mice.

Besides siderophores, some pathogenic bacteria produce hemophores (heme-binding scavenging
proteins) or have receptors that bind directly to iron/heme proteins. In eukaryotes, other strategies to
enhance iron solubility and uptake are the acidification of the surrounding (e.g. used by plant roots)
or the extracellular reduction of Fe3+ into the more soluble Fe2+ ions.

Siderophores usually form a stable, hexadentate, octahedral complex with Fe3+ preferentially
compared to other naturally occurring abundant metal ions, although if there are less than six donor
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atoms water can also coordinate. The most effective siderophores are those that have three bidentate
ligands per molecule, forming a hexadentate complex and causing a smaller entropic change than
that caused by chelating a single ferric ion with separate ligands.

Siderophores are usually classified by the ligands used to chelate the ferric iron. The majors groups of
siderophores include the catecholates (phenolates), hydroxamates and carboxylates (e.g. derivatives
of citric acid). Citric acid can also act as a siderophore. The wide variety of siderophores may be due to
evolutionary pressures placed on microbes to produce structurally different siderophores, which
cannot be transported by other microbes' specific active transport systems, or in the case of
pathogens deactivated by the host organism.

Group Translocation
Group translocation is a protein export or secretion pathway found in plants, bacteria, and archaea.

With some exceptions, bacteria lack membrane-bound organelles as found in eukaryotes, but they
may assemble proteins onto various types of inclusions such as gas vesicles and storage granules.
Bacteria may have a single plasma membrane (Gram-positive bacteria) or an inner membrane plus an
outer membrane separated by the periplasm (Gram-negative bacteria). Proteins may be incorporated
into the plasma membrane. They can also be trapped in either the periplasm or secreted into the
environment, according to whether or not there is an outer membrane. The basic mechanism at the
plasma membrane is similar to the eukaryotic one. In addition, bacteria may target proteins into or
across the outer membrane. Systems for secreting proteins across the bacterial outer membrane may
be quite complex. The systems play key roles in pathogenesis. These systems may be described as
type | secretion, type Il secretion, etc. In most Gram-positive bacteria, certain proteins are targeted for
export across the plasma membrane and subsequent covalent attachment to the bacterial cell wall.

A specialized enzyme, sortase, cleaves the target protein at a characteristic recognition site near the
protein C-terminus, such as an LPXTG motif (where X can be any amino acid), then transfers the
protein onto the cell wall. Several analogous systems are found that also feature a signature motif on
the extracytoplasmic face, a C-terminal transmembrane domain, and cluster of basic residues on the
cytosolic face at the protein's extreme C-terminus. The PEP-CTERM/exosortase system, found in many
Gram-negative bacteria, seems to be related to extracellular polymeric substance production. The
PGF-CTERM/archaeosortase A system in archaea is related to S-layer production. The GlyGly-
CTERM/rhombosortase system, found in the Shewanella, Vibrio, and a few other genera, seems
involved in the release of proteases, nucleases, and other enzymes.

PEP group translocation, also known as the phosphotransferase system or PTS, is a distinct method
used by bacteria for sugar uptake where the source of energy is from phosphoenolpyruvate (PEP). It is
known as a multi-component system that always involves enzymes of the plasma membrane and
those in the cytoplasm. An example of this transport is found in E. coli cells. The system was
discovered by Saul Roseman in 1964.
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The twin-arginine translocation pathway (Tat pathway) is a protein export or secretion pathway
found in plants, bacteria, and archaea. In contrast to the Sec pathway which transports proteinsin an
unfolded manner, the Tat pathway serves to actively translocate folded proteins across a lipid
membrane bilayer. In bacteria, the Tat translocase is found in the cytoplasmic membrane and serves
to export proteins to the cell envelope or to the extracellular space. In Gram-negative bacteria the Tat
translocase is composed of three essential membrane proteins: TatA, TatB, and TatC. In the most
widely studied Tat pathway, that of the Gram-negative bacterium Escherichia coli, these three
proteins are expressed from an operon with a fourth Tat protein, TatD, which is not required for Tat
function. A fifth Tat protein TatE that is homologous to the TatA protein is present at a much lower
levelin the cell than TatA. It is not believed to play any significant role in Tat function.

The Tat pathways of Gram-positive bacteria differ in that they do not have a TatB component. In these
bacteria the Tat system is made up from a single TatA and TatC component, with the TatA protein
being bifunctional and fulfilling the roles of both E. coli TatA and TatB. Not all bacteria carry the
tatABC genes in their genome. However, of those that do, there seems to be no discrimination
between pathogens and nonpathogens. Despite that fact, some pathogenic bacteria such as
Pseudomonas aeruginosa , Legionella pneumophila, Yersinia pseudotuberculosis, and E. coli O157:H7
rely on a functioning Tat pathway for full virulence in infection models. In addition, a number of
exported virulence factors have been shown to rely on the Tat pathway. One such category of
virulence factors is the phospholipase C enzymes, which have been shown to be Tat-exported in
Pseudomonas aeruginosa and thought to be Tat-exported in Mycobacterium tuberculosis.

P. aeruginosa is capable of growth in ‘ .{‘, PR —— ¥

diesel and jet fuel, where it is known as a ¥ ' e i el
\ v

hydrocarbon-using microorganism (or ¢ ’ - . v

o«

"HUM bug"), causing microbial corrosion.
[3] It creates dark, gelish mats sometimes
improperly called "algae" because of
their appearance.

3.1.5 CellWalls of Prokaryotes

The Cell Wall of Bacteria

Bacteria are protected by a rigid cell wall composed of peptidoglycans.
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Bacterial cells lack a membrane bound nucleus. Their genetic material is naked within the cytoplasm.
Ribosomes are their only type of organelle. The term "nucleoid" refers to the region of the cytoplasm
where chromosomal DNA is located, usually a singular, circular chromosome. Bacteria are usually
single-celled, except when they exist in colonies. These ancestral cells reproduce by means of binary
fission, duplicating their genetic material and then essentially splitting to form two daughter cells
identical to the parent. A wall located outside the cell membrane provides the cell support, and
protection against mechanical stress or damage from osmotic rupture and lysis . The major
component of the bacterial cell wall is peptidoglycan or murein. This rigid structure of peptidoglycan,
specific only to prokaryotes, gives the cell shape and surrounds the cytoplasmic membrane.
Peptidoglycan is a huge polymer of disaccharides (glycan) cross-linked by short chains of identical
amino acids (peptides) monomers. The backbone of the peptidoglycan molecule is composed of two
derivatives of glucose: N-acetylglucosamine (NAG) and N-acetlymuramic acid (NAM) with a
pentapeptide coming off NAM and varying slightly among bacteria. The NAG and NAM strands are
synthesized in the cytosol of the bacteria. Interpeptide bridges connect them. They are transported
across the cytoplasmic membrane by a carrier molecule called bactoprenol. From the peptidoglycan
inwards all bacterial cells are very similar. Going further out, the bacterial world divides into two
major classes: Gram positive (Gram +) and Gram negative (Gram -). The cell wall provides important
ligands for adherence and receptor sites for viruses or antibiotics.

Capsule
Cell wall
Plasma membrane

Plasmid
Pili

Bacterial Flagellum
Nucleoid (circular DNA)

Gram-Negative Outer Membrane

The Gram-negative cell wall is composed of an outer membrane, a peptidoglycan layer, and a
periplasm.
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In Gram-negative bacteria, the cell wall is composed of a single layer of peptidoglycan surrounded by
a membranous structure called the outer membrane. The gram-negative bacteria do not retain
crystal violet but are able to retain a counterstain, commonly safranin, which is added after the
crystal violet. The safranin is responsible for the red or pink color seen with Gram-negative bacteria.
The Gram-negative's cell wall is thinner (10 nanometers thick) and less compact than that of Gram-
positive bacteria, but remains strong, tough, and elastic to give them shape and protect them against
extreme environmental conditions . The outer membrane of Gram-negative bacteria invariably
contains a unique component, lipopolysaccharide (LPS) in addition to proteins and phospholipids.

The LPS molecule is toxic and is classified as an endotoxin that elicits a strong immune response
when the bacteria infect animals.
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Gram-negative outer membrane composed of lipopolysaccharides.

In Gram-negative bacteria the outer membrane is usually thought of as part of the outer leaflet of the
membrane structure and is relatively permeable. It contains structures that help bacteria adhere to
animal cells and cause disease. The peptidoglycan layer is non-covalently anchored to lipoprotein
molecules called Braun's lipoproteins through their hydrophobic head. Sandwiched between the
outer membrane and the plasma membrane, a concentrated gel-like matrix (the periplasm) is found
in the periplasmic space. Itis in fact an integral compartment of the gram-negative cell wall and
contains binding proteins for amino acids, sugars, vitamins, iron, and enzymes essential for bacterial
nutrition. The periplasm space can act as reservoir for virulence factors and a dynamic flux of
macromolecules representing the cell's metabolic status and its response to environmental factors.
Together, the plasma membrane and the cell wall (outer membrane, peptidoglycan layer, and
periplasm) constitute the gram-negative envelope.
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Gram-Positive Cell Envelope

Gram-positive bacteria have cell envelopes R E, ] ,
made of a thick layer of peptidoglycans. \ Q
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groups as well.

Itis based on the chemical and physical properties of their cell walls. Primarily, it detects
peptidoglycan, which is present in a thick layer in Gram-positive bacteria. A Gram-positive results in a
purple/blue color while Gram-negative results in a pink/red color. The Gram stain is almost always the
first step in the identification of a bacterial organism, and is the default stain performed by
laboratories over a sample when no specific culture is referred.

In Gram-positive bacteria, the cell wall is thick (15-80 nanometers), and consists of several layers of
peptidoglycan. They lack the outer membrane envelope found in Gram-negative bacteria. Running
perpendicular to the peptidoglycan sheets is a group of molecules called teichoic acids, which are
unique to the Gram-positive cell wall. Teichoic acids are linear polymers of polyglycerol or polyribitol
substituted with phosphates and a few amino acids and sugars.

The teichoic acid polymers are occasionally anchored to the plasma membrane (called lipoteichoic
acid, LTA), and apparently directed outward at right angles to the layers of peptidoglycan. Teichoic
acids give the Gram-positive cell wall an overall negative charge due to the presence of
phosphodiester bonds between teichoic acid monomers. The functions of teichoic acid are not fully
known but it is believed to serve as a chelating agent and means of adherence for the bacteria. These
are essential to the viability of Gram-positive bacteria in the environment and provide chemical and
physical protection.

One idea is that they provide a channel of regularly oriented, negative charges for threading positively
charged substances through the complicated peptidoglycan network. Another theory is that teichoic
acids are in some way involved in the regulation and assembly of muramic acid subunits on the
outside of the plasma membrane.
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There are instances, particularly in the streptococci, wherein teichoic acids have been implicated in
the adherence of the bacteria to tissue surfaces and are thought to contribute to the pathogenicity of
Gram-positive bacteria.

Mycoplasmas and Other Cell-Wall-Deficient Bacteria
Some bacteria lack a cell wall but retain their ability to survive by living inside another host cell.

For most bacterial cells, the cell wall is critical to cell survival, yet there are some bacteria that do not
have cell walls. Mycoplasma species are widespread examples and some can be intracellular
pathogens that grow inside their hosts. This bacterial lifestyle is called parasitic or saprophytic. Cell
walls are unnecessary here because the cells only live in the controlled osmotic environment of other
cells. It is likely they had the ability to form a cell wall at some point in the past, but as their lifestyle
became one of existence inside other cells, they lost the ability to form walls.

Consistent with this very limited lifestyle within other cells, these microbes also have very small
genomes. They have no need for the genes for all sorts of biosynthetic enzymes, as they can steal the
final components of these pathways from the host. Similarly, they have no need for genes encoding
many different pathways for various carbon, nitrogen and energy sources, since their intracellular
environment is completely predictable. Because of the absence of cell walls, Mycoplasma have a
spherical shape and are quickly killed if placed in an environment with very high or very low salt
concentrations. However, Mycoplasma does have unusually tough membranes that are more resistant
to rupture than other bacteria since this cellular membrane has to contend with the host cell factors.
The presence of sterols in the membrane contributes to their durability by helping to increase the
forces that hold the membrane together. Other bacterial species occasionally mutate or respond to
extreme nutritional conditions by forming cells lacking walls, termed L-forms. This phenomenon is
observed in both gram-positive and gram-negative species. L-forms have varied shapes and are
sensitive to osmotic shock .
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Figure 3.14 L-form bacteria

L-form bacterial lack a cell wall structure.

Cell Walls of Archaea

Archaeal cell walls differ from bacterial cell walls in their chemical composition and lack of
peptidoglycans.

As with other living organisms, archaeal cells have an outer cell membrane that serves as a protective
barrier between the cell and its environment. Within the membrane is the cytoplasm, where the living
functions of the archeon take place and where the DNA is located. Around the outside of nearly all
archaeal cells is a cell wall, a semi-rigid layer that helps the cell maintain its shape and chemical
equilibrium. All three of these regions may be distinguished in the cells of bacteria and most other
living organisms.
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A closer look at each region reveals structural
similarities but major differences in chemical
composition between bacterial and archaeal cell
wall. Archaea builds the same structures as other
organisms, but they build them from different
chemical components. For instance, the cell walls
of all bacteria contain the chemical peptidoglycan.
Archaeal cell walls do not contain this compound,
though some species contain a similar one. It is
assembled from surface-layer proteins called S-
layers. Likewise, archaea do not produce walls of

cellulose (as do plants) or chitin (as do fungi).

The cell wall of archaeans is chemically distinct. Methanogens are the only exception and possess
pseudopeptidoglycan chains in their cell wall that lacks amino acids and N-acetylmuramic acid in
their chemical composition. The most striking chemical differences between Archaea and other living
things lie in their cell membrane. There are four fundamental differences between the archaeal
membrane and those of all other cells: (1) chirality of glycerol, (2) ether linkage, (3) isoprenoid chains,
and (4) branching of side chains.

Damage to the Cell Wall

The cell wall is responsible for bacterial cell survival and protection against environmental factors
and antimicrobial stress.

The cell wall is the principal stress-bearing and shape-maintaining element in bacteria. Its integrity is
thus of critical importance to the viability of a particular cell. In both gram-positive and gram-negative
bacteria, the scaffold of the cell wall consists of a cross-linked polymer peptidoglycan. The cell wall of
gram-negative bacteria is thin (approximately only 10 nanometers in thickness), and is typically
comprised of only two to five layers of peptidoglycan, depending on the growth stage. In gram-
positive bacteria, the cell wall is much thicker (20 to 40 nanometers thick).

While the peptidoglycan provides the structural framework of the cell wall, teichoic acids, which make
up roughly 50% of the cell wall material, are thought to control the overall surface charge of the wall.
This affects murein hydrolase activity, resistance to antibacterial peptides, and adherence to surfaces.
Although both of these molecules are polymerized on the surface of the cytoplasmic membrane, their
precursors are assembled in the cytoplasm. Any event that interferes with the assembling of the
peptidoglycan precursor, and the transport of that object across the cell membrane, where it will
integrate into the cell wall, would compromise the integrity of the wall. Damage to the cell wall
disturbs the state of cell electrolytes, which can activate death pathways (apoptosis or programmed
cell death). Regulated cell death and lysis in bacteria plays an important role in certain
developmental processes, such as competence and biofilm development. They also play an important
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role in the elimination of damaged cells, such as those irreversibly injured by environmental or
antibiotic stress. An example of an antibiotic that interferes with bacterial cell wall synthesis is
penicillin. Penicillin acts by binding to transpeptidases and inhibiting the cross-linking of
peptidoglycan subunits. A bacterial cell with a damaged cell wall cannot undergo binary fission and is
thus certain to die .
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Figure 3.16 Penicillin mechanism of action

Penicillin acts by binding to penicillin binding proteins and inhibiting the cross-linking of peptidoglycan
subunits.
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3.1.6 Specialized External Structures of Prokaryotes

Endospores

Endospore formation is usually triggered by a lack of nutrients, and usually occurs in Gram-positive
bacteria.

An endospore is a dormant, tough, and non-reproductive structure produced by certain bacteria from
the Firmicute phylum. Endospore formation is usually triggered by lack of nutrients, and usually
occurs in Gram-positive bacteria. In endospore formation, the bacterium divides within its cell wall.
One side then engulfs the other. Endospores enable bacteria to lie dormant for extended periods,
even centuries. When the environment becomes more favourable, the endospore can reactivate itself
to the vegetative state. Examples of bacteria that can form endospores include Bacillus and
Clostridium. The endospore consists of the bacterium's DNA and part of its cytoplasm, surrounded by
a very tough outer coating. Endospores can survive without nutrients. They are resistant to ultraviolet
radiation, desiccation, high temperature, extreme freezing and chemical disinfectants. They are
commonly found in soil and water, where they may survive for long periods of time. Bacteria produce
asingle endospore internally.
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Figure 3.17 Endospore morphology. Variations in endospore morphology: (1,4) central endospore; (2, 3, 5)
terminal endospore; (6) lateral endospore.

Viewing endospores under the light microscope can be difficult due to the impermeability of the
endospore wall to dyes and stains. While the rest of a bacterial cell may stain, the endospore is left
colorless. To combat this, a special stain technique called a Moeller stain is used. That allows the
endospore to show up as red, while the rest of the cell stains blue. Another staining technique for
endospores is the Schaeffer-Fulton stain, which stains endospores green and bacterial bodies red .
There are variations in endospore morphology . Examples of bacteria having terminal endospores
include Clostridium tetani, the pathogen that causes the disease tetanus. Bacteria having a centrally
placed endospore include Bacillus cereus, and those having a sub terminal endospore include Bacillus
subtilis. Sometimes the endospore can be so large that the cell can be distended around the
endospore. This is typical of C. tetani.
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Figure 3.18 Bacillus subtilis stained with the Schaeffer-
Fulton stain.

When a bacterium detects environmental conditions are becoming unfavourable it may start the
process of endosporulation, which takes about eight hours. The DNA is replicated and a membrane
wall known as a spore septum begins to form between it and the rest of the cell. The plasma
membrane of the cell surrounds this wall and pinches off to leave a double membrane around the
DNA, and the developing structure is now known as a forespore. Calcium dipicolinate is incorporated
into the forespore during this time. Next the peptidoglycan cortex forms between the two layers and
the bacterium adds a spore coat to the outside of the forespore. Sporulation is now complete, and the
mature endospore will be released when the surrounding vegetative cell is degraded.

While resistant to extreme heat and radiation, endospores can be destroyed by burning or by
autoclaving. Endospores are able to survive boiling at 100°C for hours, although the longer the
number of hours the fewer that will survive. An indirect way to destroy them is to place themin an
environment that reactivates them to their vegetative state. They will germinate within a day or two
with the right environmental conditions, and then the vegetative cells can be straightforwardly
destroyed. This indirect method is called Tyndallization. It was the usual method for a while in the late
19th century before the advent of inexpensive autoclaves. Prolonged exposure to ionising radiation,
such as x-rays and gamma rays, will also kill most endospores.

Reactivation of the endospore occurs when conditions are more favourable and involves activation,
germination, and outgrowth. Even if an endospore is located in plentiful nutrients, it may fail to
germinate unless activation has taken place. Heating the endospore may trigger this. Germination
involves the dormant endospore starting metabolic activity and thus breaking hibernation. It is
commonly characterised by rupture or absorption of the spore coat, swelling of the endospore, an
increase in metabolic activity, and loss of resistance to environmental stress.

As a simplified model for cellular differentiation, the molecular details of endospore formation have
been extensively studied, specifically in the model organism B. subtilis. These studies have
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contributed much to our understanding of the regulation of gene expression, transcription factors,
and the sigma factor subunits of RNA polymerase.

Endospores of the bacterium Bacillus anthracis were used in the 2001 anthrax attacks. The powder
found in contaminated postal letters was composed of extracellular anthrax endospores. Inhalation,
ingestion or skin contamination of these endospores led to a number of deaths.

Geobacillus stearothermophilus endospores are used as biological indicators when an autoclave is
used in sterilization procedures. B. subtilis spores are useful for the expression of recombinant
proteins and in particular for the surface display of peptides and proteins as a tool for fundamental
and applied research in the fields of microbiology, biotechnology and vaccination.

3.1.7 Specialized Internal Structures of Prokaryotes
Ribosomes
The purpose of the ribosome is to translate messenger RNA (mRNA) into proteins with the aid of tRNA.

Ribosomes are tiny spherical organelles that make proteins by joining amino acids together. Many
ribosomes are found free in the cytosol, while others are attached to the rough endoplasmic
reticulum. The purpose of the ribosome is to translate messenger RNA (mRNA) to proteins with the aid
of tRNA. In eukaryotes, ribosomes can commonly be found in the cytosol of a cell, the endoplasmic
reticulum or mRNA, as well as the matrix of the mitochondria. Proteins synthesized in each of these
locations serve a different role in the cell. In prokaryotes, ribosomes can be found in the cytosol as
well. This protein-synthesizing organelle is the only organelle found in both prokaryotes and
eukaryotes, asserting the fact that the ribosome is a trait that evolved early on, most likely presentin
the common ancestor of eukaryotes and prokaryotes. Ribosomes are not membrane bound.

Ribosomes are composed of two subunits, one large and one small that they only bind together
during protein synthesis. The purpose of the ribosome is to take the actual message and the charged
aminoacyl-tRNA complex to generate the protein. To do so, they have three binding sites. One is for
the mRNA; the other two are for the tRNA. The binding sites for tRNA are the A site, which holds the
aminoacyl-tRNA complex, and the P site, which binds to the tRNA attached to the growing
polypeptide chain.

In most bacteria, the most numerous of intracellular structures is the ribosome, which is the site of
protein synthesis in all living organisms. All prokaryotes have 70S (where S=Svedberg units)
ribosomes while eukaryotes contain larger 80S ribosomes in their cytosol. The 70S ribosome is made
up of a 50S and 30S subunits. The 50S subunit contains the 23S and 5S rRNA while the 30S subunit
contains the 16S rRNA. These rRNA molecules differ in size in eukaryotes and are complexed with a
large number of ribosomal proteins, the number and type of which can vary slightly between
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organisms. The ribosome is the most commonly observed intracellular multiprotein complex in
bacteria.

Ribosome assembly consists of transcription, translation, the folding of rRNA and ribosomal proteins,
the binding of ribosomal proteins, and the binding and release of the assembly components to make
the ribosome. In vivo assembly of the 30S subunit has two intermediates (p130S and p230S) and the
50S subunit has three intermediates (p150S, p250S, and p350S). However, the reconstitution
intermediates are not the same as in vitro. The intermediates of the 30S subunit yield 215 and 30S
particles while the intermediates of the 50S subunit yield 32S, 43S, and 50S particles. The
intermediates in the in vivo assembly are precursor rRNA which is different from in vitro which uses
matured rRNA. To complete the mechanism of ribosome assembly, these precursor rRNA gets
transformed in the polysomes.

Growing peptide chain

Incoming tRNA
< ?ﬂp\ bound to Amino Acid
NS

MessengerRNA

Qutgoing
empty tRNA

Peptide Synthesis
Figure 3.19 Peptide synthesis by a ribosome.

The ribosome assembles amino acids into a protein. The specific amino acids are controlled by the
mMRNA sequence. This is required by all living cells and associated viruses.

Cell Inclusions and Storage Granules

Bacteria have different methods of nutrient storage that are employed in times of plenty, for use in
times of want. Bacteria, despite their simplicity, contain a well-developed cell structure responsible
for many unique biological properties not found among archaea or eukaryotes. Because of the
simplicity of bacteria relative to larger organisms, and the ease with which they can be manipulated
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experimentally, the cell structure of bacteria has been well studied, revealing many biochemical
principles that have been subsequently applied to other organisms.

Most bacteria do not live in environments that contain large amounts of nutrients at all times. To
accommodate these transient levels of nutrients, bacteria contain several different methods of
nutrient storage that are employed in times of plenty, for use in times of want. For example, many
bacteria store excess carbon in the form of polyhydroxyalkanoates or glycogen. Some microbes store
soluble nutrients, such as nitrate in vacuoles. Sulfur is most often stored as elemental (S0) granules
which can be deposited either intra- or extracellularly. Sulfur granules are especially common in
bacteria that use hydrogen sulfide as an electron source. Most of the above mentioned examples can
be viewed using a microscope, and are surrounded by a thin non-unit membrane to separate them

from the cytoplasm.

Inclusion bodies are nuclear or cytoplasmic
aggregates of stainable substances, usually
proteins. They typically represent sites of viral
multiplication in a bacterium or a eukaryotic cell,
and usually consist of viral capsid proteins .
Inclusion bodies have a non-unit lipid membrane.
Protein inclusion bodies are classically thought to
contain misfolded protein. However, this has
recently been contested, as green fluorescent
protein will sometimes fluoresce in inclusion
bodies, which indicates some resemblance of the
native structure and researchers have recovered
folded protein from inclusion bodies.

This electron micrograph shows the rabies virus,
as well as Negri bodies, or cellular inclusions.

Figure 3.20 Electron Micrograph of the Rabies Virus.

When genes from one organism are expressed in another the resulting protein sometimes forms
inclusion bodies. This is often true when large evolutionary distances are crossed; for example, a
cDNA isolated from Eukarya and expressed as a recombinant gene in a prokaryote, risks the formation
of the inactive aggregates of protein known as inclusion bodies. While the cDNA may properly code for
a translatable mRNA, the protein that results will emerge in a foreign microenvironment. This often
has fatal effects, especially if the intent of cloning is to produce a biologically active protein. For
example, eukaryotic systems for carbohydrate modification and membrane transport are not found in
prokaryotes.
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The internal microenvironment of a prokaryotic cell (pH, osmolarity) may differ from that of the
original source of the gene. Mechanisms for folding a protein may also be absent, and hydrophobic
residues that normally would remain buried may be exposed and available for interaction with similar
exposed sites on other ectopic proteins. Processing systems for the cleavage and removal of internal
peptides would also be absent in bacteria. The initial attempts to clone insulin in a bacterium suffered
all of these deficits. In addition, the fine controls that may keep the concentration of a protein low will
also be missing in a prokaryotic cell, and overexpression can result in filling a cell with ectopic protein
that, even if it were properly folded, would precipitate by saturating its environment.

Carboxysomes

Carboxysomes are intracellular structures that contain enzymes involved in carbon fixation and found
in many autotrophic bacteria.

Carboxysomes are intracellular structures found in many autotrophic bacteria, including
Cyanobacteria, Knallgasbacteria, Nitrosomonas and Nitrobacteria sp.. They are proteinaceous
structures resembling phage heads in their morphology; they contain the enzymes of carbon dioxide
fixation in these organismes. It is thought that the high local concentration of the enzymes, along with
the fast conversion of bicarbonate to carbon dioxide by carbonic anhydrase, allows faster and more
efficient carbon dioxide fixation than is possible inside the cytoplasm. Similar structures are known to
harbour the B12-containing coenzyme glycerol dehydratase, the key enzyme of glycerol fermentation
to 1,3-propanediol, in some Enterobacteriaceae, such as Salmonella.

Carboxysomes are bacterial micro compartments that contain enzymes involved in carbon fixation.
Carboxysomes are made of polyhedral protein shells about 80 to 140 nanometres in diameter. These
compartments are thought to concentrate carbon dioxide to overcome the inefficiency of RuBisCo
(ribulose bisphosphate carboxylase/oxygenase) - the predominant enzyme in carbon fixation and the
rate-limiting enzyme in the Calvin cycle. These organelles are found in all cyanobacteria and many
chemotrophic bacteria that fix carbon dioxide.

Carboxysomes are an example of a wider group of protein micro compartments that have dissimilar
functions but similar structures, based on homology of the two shell protein families. Using electron
microscopy the first carboxysomes were seen in 1956 in the Cyanobacteria, Phormidium uncinatum. In
the early 1960s, similar polyhedral objects were observed in other cyanobacteria. These structures
were named polyhedral bodies in 1961; over the next few years they were also discovered in some
chemotrophic bacteria that fixed carbon dioxide. Among these are Halothiobacillus, Acidithiobacillus,
Nitrobacter and Nitrococcus.

Carboxysomes were first purified from Thiobacillus neapolitanus in 1973, and were shown to contain
RuBisCo held within a rigid outer covering .
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Figure 3.21 Electron Micrograph of a carboxysome

(A) A thin-section electron micrograph of H. neapolitanus cells with carboxysomes inside. In one of the cells
shown, arrows highlight the visible carboxysomes. (B) A negatively stained image of intact carboxysomes
isolated from H. neapolitanus. The features visualized arise from the distribution of stain around proteins
forming the shell as well as around the RuBisCO molecules that fill the carboxysome interior. Scale bars indicate
100 nm.

Magnetosomes

Magnetosomes are intracellular organelles found in magnetotactic bacteria that allow them to sense
and align themselves along a magnetic field (magnetotaxis). They contain 15 to 20 magnetite crystals
that together act like a compass needle to orient magnetotactic bacteria in geomagnetic fields,
thereby simplifying their search for their preferred microaerophilic environments. Each magnetite
crystal within a magnetosome is surrounded by a lipid bilayer. Specific soluble and transmembrane
proteins are sorted to the membrane. Recent research has shown that magnetosomes are
invaginations of the inner membrane and not freestanding vesicles. Magnetite-bearing
magnetosomes have also been found in eukaryotic magnetotactic algae, with each cell containing
several thousand crystals.

Magnetotactic bacteria usually mineralize either iron oxide magnetosomes, which contain crystals of
magnetite (Fes0s), or iron sulfide magnetosomes, which contain crystals of greigite (FesS.). Several
other iron sulfide minerals have also been identified in iron sulfide magnetosomes — including
mackinawite (tetragonal FeS) and a cubic FeS — which are thought to be precursors of FesSs. One type
of magnetotactic bacterium present at the oxic-anoxic transition zone (OATZ) of the southern basin of
the Pettaquamscutt River Estuary, Narragansett, Rhode Island is known to produce both iron oxide
and iron sulfide magnetosomes.
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There is a broad range of shapes and groups of
magnetic bacteria. However, cultivation of these
organisms in the laboratory is often difficult. Only
few strains of magnetotactic bacteria have been
isolated in pure culture, a tiny minority of the vast
diversity of naturally occurring populations from
largely unexplored natural habitats such as the
marine environment.

The particle morphology of magnetosome crystals varies, but is consistent within cells of a single
magnetotactic bacterial species or strain. Three general crystal morphologies have been reported in
magnetotactic bacteria on the basis: roughly cuboidal, elongated prismatic (roughly rectangular), and
tooth-, bullet-, or arrowhead-shaped. Magnetosome crystals are typically 35-120 nm long, which
makes them single-domain. Single-domain crystals have the maximum possible magnetic moment
per unit volume for a given composition. Smaller crystals are super paramagnetic-that is, not
permanently magnetic at ambient temperature, and domain walls would formin larger crystals. In
most magnetotactic bacteria, the magnetosomes are arranged in one or more chains.

Magnetic interactions between the magnetosome crystals in a chain cause their magnetic dipole
moments to orientate parallel to each other along the length of the chain. The magnetic dipole
moment of the cell is usually large enough so that its interaction with Earth's magnetic field
overcomes thermal forces that tend to randomize the orientation of the cell in its aqueous
surroundings. Magnetotactic bacteria also use aerotaxis, a response to changes in oxygen
concentration that favours swimming toward a zone of optimal oxygen concentration. In lakes or
oceans the oxygen concentration is commonly dependent on depth. As long as the Earth's magnetic
field has a significant downward slant, the orientation along field lines aids the search for the optimal
concentration. This process is called magneto-aerotaxis.

Gas Vesicles

Gas vesicles are spindle-shaped structures found in some planktonic bacteria that provides buoyancy
to these cells by decreasing their overall cell density . Positive buoyancy is needed to keep the cells in
the upper reaches of the water column, so that they can continue to perform photosynthesis. They are
made up of a shell of protein that has a highly hydrophobic inner surface, making it impermeable to
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water (and stopping water vapour from condensing inside), but permeable to most gases. Because
the gas vesicle is a hollow cylinder, it is liable to collapse when the surrounding pressure becomes too
great.
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Gas vesicles provide buoyancy for some planktonic bacteria by decreasing their overall cell density.

Natural selection has fine-tuned the structure of the gas vesicle to maximize its resistance to buckling
by including an external strengthening protein, GvpC, rather like the green thread in a braided
hosepipe. There is a simple relationship between the diameter of the gas vesicle and pressure at
which it will collapse - the wider the gas vesicle the weaker it becomes. However, wider gas vesicles
are more efficient. They provide more buoyancy per unit of protein than narrow gas vesicles. Different
species produce gas vesicles of different diameters, allowing them to colonize different depths of the
water column (fast growing, highly competitive species with wide gas vesicles in the top most layers;
slow growing, dark-adapted, species with strong narrow gas vesicles in the deeper layers). The
diameter of the gas vesicle will also help determine which species survive in different bodies of water.
Deep lakes that experience winter mixing will expose the cells to the hydrostatic pressure generated
by the full water column. This will select for species with narrower, stronger gas vesicles.
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The study of microbial pathogens with genetic methods is a new and explosive field set to dominate
microbiology in the next decade. Microbes provide an excellent starting point for genetic studies
because they have a relatively simple genomic structure compared to higher, multicellular organisms.

3.2 Prokaryotic Diversity

Classification of Prokaryotes

Prokaryotic organisms were the first living things on earth and still inhabit every environment, no
matter how extreme.

3.2.1 Evolution of Prokaryotes

In the recent past, scientists grouped living things into five kingdoms (animals, plants, fungi, protists,
and prokaryotes) based on several criteria such as: the absence or presence of a nucleus and other
membrane-bound organelles, the absence or presence of cell walls, multicellularity, etc. In the late
20th century, the pioneering work of Carl Woese and others compared sequences of small-subunit
ribosomal RNA (SSU rRNA) which resulted in a more fundamental way to group organisms on earth.
Based on differences in the structure of cell membranes and in rRNA, Woese and his colleagues
proposed that all life on earth evolved along three lineages, called domains. The domain Bacteria
comprises all organisms in the kingdom Bacteria, the domain Archaea comprises the rest of the
prokaryotes, and the domain Eukarya comprises all eukaryotes, including organisms in the kingdoms
Animalia, Plantae, Fungi, and Protista.

The current model of the evolution of the first, living organisms is that these were some form of
prokaryotes, which may have evolved out of protobionts. In general, the eukaryotes are thought to
have evolved later in the history of life. However, some authors have questioned this conclusion,
arguing that the current set of prokaryotic species may have evolved from more complex eukaryotic
ancestors through a process of simplification. Others have argued that the three domains of life arose
simultaneously, from a set of varied cells that formed a single gene pool.

Two of the three domains, Bacteria and Archaea, are prokaryotic. Based on fossil evidence,
prokaryotes were the first inhabitants on Earth, appearing 3.5 to 3.8 billion years ago during the
Precambrian Period. These organisms are abundant and ubiquitous; that is, they are present
everywhere. In addition to inhabiting moderate environments, they are found in extreme conditions :
from boiling springs to permanently frozen environments in Antarctica; from salty environments like
the Dead Sea to environments under tremendous pressure, such as the depths of the ocean; and from
areas without oxygen, such as a waste management plant, to radioactively-contaminated regions,
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such as Chernobyl. Prokaryotes reside in the human digestive system and on the skin, are responsible
for certainillnesses, and serve an important role in the preparation of many foods.

Figure 3.24 Prokaryotes in extreme environments

Certain prokaryotes can live in extreme environments such as the Morning Glory pool, a hot spring in
Yellowstone National Park. The spring's vivid blue color is from the prokaryotes that thrive in its very hot waters.

3.2.2 The Origins of Archaea and Bacteria

Archaea are believed to have evolved from gram-positive bacteria and can occupy more extreme
environments.

Prokaryotes, the First Inhabitants of Earth

When and where did life begin? What were the conditions on earth when life began? Prokaryotes were
the first forms of life on earth, existing for billions of years before plants and animals appeared. The
earth and its moon are thought to be about 4.54 billion years old. This estimate is based on evidence
from radiometric dating of meteorite material together with other substrate material from earth and
the moon. Early earth had a very different atmosphere (contained less molecular oxygen) than it does
today and was subjected to strong radiation; thus, the first organisms would have flourished where
they were more protected, such as in ocean depths or beneath the surface of the earth. Also at this
time, strong volcanic activity was common on Earth. It is probable that these first organisms, the first
prokaryotes, were adapted to very high temperatures. Early earth was prone to geological upheaval
and volcanic eruption, and was subject to bombardment by mutagenic radiation from the sun. The
first organisms were prokaryotes that could withstand these harsh conditions.

Although probable prokaryotic cell fossils date to almost 3.5 billion years ago, most prokaryotes do
not have distinctive morphologies; fossil shapes cannot be used to identify them as Archaea. Instead,
chemical fossils of unique lipids are more informative because such compounds do not occur in other

Chapter3 3-34



http://creativecommons.org/licenses/by-sa/4.0/

organisms. Some publications suggest that archaean or eukaryotic lipid remains are present in shale
dating from 2.7 billion years ago. Such lipids have also been detected in Precambrian formations. The
oldest such traces come from the Isua district of west Greenland, which include earth's oldest
sediments, formed 3.8 billion years ago. The archaeal lineage may be the most ancient that exists on
earth.

Within prokaryotes, archaeal cell structure is most similar to that of gram-positive bacteria, largely
because both have a single lipid bilayer and usually contain a thick sacculus of varying chemical
composition. In phylogenetic trees based upon different gene/protein sequences of prokaryotic
homologs, the archaeal homologs are more closely related to those of Gram-positive bacteria.
Archaea and gram-positive bacteria also share conserved indels in a number of important proteins,
such as Hsp70 and glutamine synthetase.

It has been proposed that the archaea evolved from gram-positive bacteria in response to antibiotic
selection pressure. This is suggested by the observation that archaea are resistant to a wide variety of
antibiotics that are primarily produced by gram-positive bacteria and that these antibiotics primarily
act on the genes that distinguish archaea from bacteria. The evolution of Archaea in response to
antibiotic selection, or any other competitive selective pressure, could also explain their adaptation
to extreme environments (such as high temperature or acidity) as the result of a search for
unoccupied niches to escape from antibiotic-producing organisms.

3.2.3 Microbial Mats

Microbial mats or large biofilms may represent the earliest forms of life on earth; there is fossil
evidence of their presence starting about 3.5 billion years ago. A microbial mat is a multi-layered
sheet of prokaryotes that includes mostly bacteria, but also archaea . Microbial mats are a few
centimeters thick, typically growing where different types of materials interface, mostly on moist
surfaces. The various types of prokaryotes that comprise the mats use different metabolic pathways,
which is the reason for their various colors. A glue-like sticky substance holds prokaryotesin a
microbial mat together that they secrete called extracellular matrix.
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The first microbial mats likely obtained their energy from chemicals found near hydrothermal vents. A

hydrothermal vent is a breakage or fissure in the earth's surface that releases geothermal-heated
water. With the evolution of photosynthesis about 3 billion years ago, some prokaryotes in microbial
mats came to use a more widely available energy source, sunlight, whereas others were still
dependent on chemicals from hydrothermal vents for energy and food.

3.2.4 Stromatolites

Fossilized microbial mats represent the earliest record of life on earth. A stromatolite is a sedimentary
structure formed when minerals are precipitated out of water by prokaryotes in a microbial mat .
Stromatolites form layered rocks made of carbonate or silicate. Although most stromatolites are
artefacts from the past, there are places on earth where stromatolites are still forming. For example,
growing stromatolites have been found in the Anza-Borrego Desert State Park in San Diego County,
California.
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3.2.5 Extremophiles and Biofilms

Prokaryotes are well adapted to living in all types of conditions, including extreme ones, and prefer to
live in colonies called biofilms.

Some organisms have developed strategies that allow them to survive harsh conditions. Prokaryotes
thrive in a vast array of environments; some grow in conditions that would seem very normal to us,
whereas others are able to thrive and grow under conditions that would kill a plant or animal. Almost
all prokaryotes have a cell wall: a protective structure that allows them to survive in both hyper- and
hypo-osmotic conditions. Some soil bacteria are able to form endospores that resist heat and
drought, thereby allowing the organism to survive until favourable conditions recur. These
adaptations, along with others, allow bacteria to be the most abundant life form in all terrestrial and
aquatic ecosystems.

Other bacteria and archaea are adapted to grow under extreme conditions and are called
extremophiles, meaning "lovers of extremes." Extremophiles have been found in all kinds of
environments: the depth of the oceans, hot springs, the Arctic and the Antarctic, in very dry places,
deep inside earth, in harsh chemical environments, and in high radiation environments, just to
mention a few . These organisms give us a better understanding of prokaryotic diversity and raise the
possibility of finding new prokaryotic species that may lead to the discovery of new therapeutic drugs
or have industrial applications. Because they have specialized adaptations that allow them to live in
extreme conditions, many extremophiles cannot survive in moderate environments. There are many
different groups of extremophiles. They are identified based on the conditions in which they grow
best. Several habitats are extreme in multiple ways. For example, a soda lake is both salty and
alkaline, so organisms that live in a soda lake must be both alkaliphiles and halophiles. Other
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extremophiles, like radio resistant organisms, do not prefer an extreme environment (in this case, one
with high levels of radiation), but have adapted to survive in it.

Deinococcus radiodurans, visualized in this false
color transmission electron micrograph, is a
prokaryote that can tolerate very high doses of
ionizing radiation. It has developed DNA repair
mechanisms that allow it to reconstruct its
chromosome even if it has been broken into
hundreds of pieces by radiation or heat.

3.2.6 Prokaryotes in the Dead Sea

One example of a very harsh environment is the Dead Sea, a hypersaline basin that is located between
Jordan and Israel. Hypersaline environments are essentially concentrated seawater. In the Dead Sea,
the sodium concentration is 10 times higher than that of seawater. The water also contains high levels
of magnesium (about 40 times higher than in seawater) that would be toxic to most living things. Iron,
calcium, and magnesium, elements that form divalent ions (Fe**, Ca**, and Mg*), produce what is
commonly referred to as "hard" water. Taken together, the high concentration of divalent cations, the
acidic pH (6.0), and the intense solar radiation flux make the Dead Sea a unique, and uniquely hostile,
ecosystem.
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3.2.7 Biofilms

Until a couple of decades ago, microbiologists used to think of prokaryotes as isolated entities living
apart. This model, however, does not reflect the true ecology of prokaryotes, most of which prefer to
live in communities where they can interact. A biofilm is a microbial community held togetherin a
gummy-textured matrix that consists primarily of polysaccharides secreted by the organisms,
together with some proteins and nucleic acids. Biofilms grow attached to surfaces. Some of the best-
studied biofilms are composed of prokaryotes, although fungal biofilms have also been described, as
well as some composed of a mixture of fungi and bacteria.
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Figure 3.29 Biofilm Development Five stages of biofilm development are shown. During stage 1, initial
attachment, bacteria adhere to a solid surface via weak van der Waals interactions. During stage 2, irreversible
attachment, hairs like appendages called pili permanently anchor the bacteria to the surface. During stage 3,
maturation |, the biofilm grows through cell division and recruitment of other bacteria. An extracellular matrix
composed primarily of polysaccharides holds the biofilm together. During stage 4, maturation Il, the biofilm
continues to grow and takes on a more complex shape. During stage 5, dispersal, the biofilm matrix is partly
broken down, allowing some bacteria to escape and colonize another surface. Micrographs of a Pseudomonas
aeruginosa biofilm in each of the stages of development are shown.

Biofilms are present almost everywhere: they can cause the clogging of pipes and readily colonize
surfaces in industrial settings. In recent, large-scale outbreaks of bacterial contamination of food,
biofilms have played a major role. They also colonize household surfaces, such as kitchen counters,
cutting boards, sinks, and toilets, as well as places on the human body, such as the surfaces of our
teeth.

Interactions among the organisms that populate a biofilm, together with their protective
exopolysaccharide (EPS) environment, make these communities more robust than free-living, or
planktonic, prokaryotes. The sticky substance that holds bacteria together also excludes most
antibiotics and disinfectants, making biofilm bacteria hardier than their planktonic counterparts.
Overall, biofilms are very difficult to destroy because they are resistant to many common forms of
sterilization
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3.2.8 Archaea

The composition of the cell wall differs significantly between the domains Bacteria and Archaea, the
two domains of life into which prokaryotes are divided . The composition of their cell walls also differs
from the eukaryotic cell walls found in plants (cellulose) or fungi and insects (chitin). The cell wall
functions as a protective layer and is responsible for the organism's shape. Some bacteria have a
capsule outside the cell wall. Other structures are present in some prokaryotic species, but not in
others. For example, the capsule found in some species enables the organism to attach to surfaces,
protects it from dehydration and attack by phagocytic cells, and increases its resistance to our
immune responses. Some species also have flagella used for locomotion and pili used for attachment
to surfaces. Plasmids, which consist of extra-chromosomal DNA, are also present in many species of
bacteria and archaea.

Euryarchaeotes
| e i Crenachaeotes

' | Nanoarchaeotes
Korarchaeotes

Proteobacteria
Chlamydias
Spirochetes
Cyanobacteria
Gram-Positive bacteria

Figure 3.30 Domains of life

Bacteria and Archaea are both prokaryotes, but differ enough to be placed in separate domains. An
ancestor of modern Archaea is believed to have given rise to Eukarya, the third domain of life.
Archaeal and bacterial phyla are shown; the evolutionary relationship between these phyla is still
open to debate.
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The Plasma Membrane

The plasma membrane is a thin lipid bilayer (6 to 8 nanometers) that completely surrounds the cell

and separates the inside from the outside. Its selectively permeable nature keeps ions, proteins, and

other molecules within the cell, preventing them from diffusing into the extracellular environment,

while other molecules may move through the membrane. The general structure of a cell membrane is

a phospholipid bilayer composed of two layers of lipid molecules. In archaeal cell membranes,
isoprene (phytanyl) chains linked to glycerol replace the fatty acids linked to glycerol in bacterial
membranes. Some archaeal membranes are lipid monolayers instead of bilayers .
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The Cell Wall

The cytoplasm of prokaryotic cells has a high concentration of dissolved solutes. Therefore, the
osmotic pressure within the cell is relatively high. The cell wall is a protective layer that surrounds
some cells and gives them shape and rigidity. It is located outside the cell membrane and prevents
osmotic lysis (bursting due to increasing volume). The chemical composition of the cell walls varies
between archaea and bacteria. It also varies between bacterial species.

Bacterial cell walls contain peptidoglycan composed of polysaccharide chains that are cross-linked by
unusual peptides containing both L- and D-amino acids, including D-glutamic acid and D-alanine.
Proteins normally have only L-amino acids; as a consequence, many of our antibiotics work by
mimicking D-amino acids and, therefore, have specific effects on bacterial cell wall development.
There are more than 100 different forms of peptidoglycan. S-layer (surface layer) proteins are also
present on the outside of cell walls of both archaea and bacteria.

Bacteria are divided into two major groups: Gram-positive and Gram-negative, based on their
reaction to Gram staining. The different bacterial responses to the staining procedure are ultimately
due to cell wall structure. Gram-positive organisms typically lack the outer membrane found in gram-
negative organisms . Up to 90 percent of the cell wall in gram-positive bacteria is composed of
peptidoglycan, with most of the rest composed of acidic substances called teichoic acids. Teichoic
acids may be covalently linked to lipids in the plasma membrane to form lipoteichoic acids.
Lipoteichoic acids anchor the cell wall to the cell membrane. Gram-negative bacteria have a relatively
thin cell wall composed of a few layers of peptidoglycan (only 10 percent of the total cell wall),
surrounded by an outer envelope containing lipopolysaccharides (LPS) and lipoproteins. This outer
envelope is sometimes referred to as a second lipid bilayer. The chemistry of this outer envelope is
very different, however, from that of the typical lipid bilayer that forms plasma membranes.

Lipoteichoic acid Lipopolysaccharide Porin
| Lipoprotein .
Outer
" Peptidoglycan membrane
cell wall ] Periplasmic
b d space
membrane B membrane

Membrane  Phospholipid

Cytoplasm protein

Gram-positive bacteria Gram-negative bacteria

Figure 3.32 Gram-positive and gram-negative bacteria.
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3.3 Prokaryotic Reproduction

Prokaryotes reproduce asexually by binary fission; they can also exchange genetic material by
transformation, transduction, and conjugation.

Reproduction in prokaryotes is asexual and usually takes place by binary fission. The DNA of a
prokaryote exists as a single, circular chromosome. Prokaryotes do not undergo mitosis; rather the
chromosome is replicated and the two resulting copies separate from one another, due to the growth
of the cell. The prokaryote, now enlarged, is pinched inward at its equator and the two resulting cells,
which are clones, separate. Binary fission does not provide an opportunity for genetic recombination
or genetic diversity, but prokaryotes can share genes by three other mechanisms.

P @ [
(e (a2 QX

(a) Transformation (b) Transduction (¢) Conjugation

Figure 3.33 Modes of prokaryote reproduction

Besides binary fission, there are three other mechanisms by which prokaryotes can exchange DNA. In (a)
transformation, the cell takes up prokaryotic DNA directly from the environment. The DNA may remain separate
as plasmid DNA or be incorporated into the host genome. In (b) transduction, a bacteriophage injects DNA into
the cell that contains a small fragment of DNA from a different prokaryote. In (c) conjugation, DNA is transferred
from one cell to another via a mating bridge that connects the two cells after the pilus draws the two bacteria
close enough to form the bridge.

In transformation, the prokaryote takes in DNA found in its environment that is shed by other
prokaryotes. If a non-pathogenic bacterium takes up DNA for a toxin gene from a pathogen and
incorporates the new DNA into its own chromosome, it, too, may become pathogenic. In transduction,
bacteriophages, the viruses that infect bacteria, sometimes also move short pieces of chromosomal
DNA from one bacterium to another. Transduction results in a recombinant organism. Archaea are not
affected by bacteriophages, but instead have their own viruses that translocate genetic material from
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one individual to another. In conjugation, DNA is transferred from one prokaryote to another by
means of a pilus, which brings the organisms into contact with one another. The DNA transferred can
be in the form of a plasmid or as a hybrid, containing both plasmid and chromosomal DNA.

Reproduction can be very rapid: a few minutes for some species. This short generation time, coupled
with mechanisms of genetic recombination and high rates of mutation, result in the rapid evolution of
prokaryotes, allowing them to respond to environmental changes (such as the introduction of an
antibiotic) very rapidly.

3.4 Prokaryotic Metabolism

3.4.1 Energy and Nutrient Requirements for Prokaryotes

Prokaryotes need a source of energy, a source of carbon, macronutrients, and micronutrients to
survive. The diverse environments and ecosystems on Earth have a wide range of conditions in terms
of temperature, available nutrients, acidity, salinity, and energy sources. Prokaryotes are very well
equipped to make their living out of a vast array of nutrients and conditions. To live, prokaryotes need
a source of energy, a source of carbon, and some additional nutrients.

Macronutrients

Cells are essentially a well-organized assemblage of macromolecules and water. Recall that
macromolecules are produced by the polymerization of smaller units called monomers. For cells to
build all of the molecules required to sustain life, they need certain substances, collectively called
nutrients. When prokaryotes grow in nature, they obtain their nutrients from the environment.
Nutrients that are required in large amounts are called macronutrients, whereas those required in
smaller or trace amounts are called micronutrients. Just a handful of elements are considered
macronutrients: carbon, hydrogen, oxygen, nitrogen, phosphorus, and sulfur. (A mnemonic for
remembering these elements is the acronym CHONPS)

Why are these macronutrients needed in large amounts? They are the components of organic
compounds in cells. Carbon is the major element in all macromolecules: carbohydrates, proteins,
nucleic acids, lipids, and many other compounds. Carbon accounts for about 50 percent of the
composition of the cell. Nitrogen represents 12 percent of the total dry weight of a typical celland is a
component of proteins, nucleic acids, and other cell constituents. Most of the nitrogen available in
nature is either atmospheric nitrogen (N,) or another inorganic form. Diatomic (N,) nitrogen, however,
can be converted into an organic form only by certain organisms, called nitrogen-fixing organisms.
Both hydrogen and oxygen are part of many organic compounds and of water. Phosphorus is required
by all organisms for the synthesis of nucleotides and phospholipids. Sulfur is part of the structure of
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some amino acids such as cysteine and methionine. It is also present in several vitamins and
coenzymes. Other important macronutrients are potassium (K), magnesium (Mg), calcium (Ca), and
sodium (Na). Although these elements are required in smaller amounts, they are very important for
the structure and function of the prokaryotic cell.

Micronutrients

In addition to these macronutrients, prokaryotes require various metallic elements in small amounts.
These are referred to as micronutrients or trace elements. For example, iron is necessary for the
function of the cytochromes involved in electron-transport reactions. Some prokaryotes require other
elements (such as boron (B), chromium (Cr), and manganese (Mn)) primarily as enzyme cofactors.

3.4.2 The Ways in Which Prokaryotes Obtain Energy

Prokaryotes can use different sources of
energy to assemble macromolecules from
smaller molecules. Phototrophs (or
phototrophic organisms) obtain their energy
from sunlight . Chemotrophs (or
chemosynthetic organisms) obtain their
energy from chemical compounds.
Chemotrophs that can use organic
compounds as energy sources are called
chemoorganotrophs. Those that can also use
inorganic compounds as energy sources are
called chemolithotrophs.

Cyanobacteria are an example of

) Figure 3.34 Filaments of photosynthetic cyanobacteria
phototrophic prokaryotes.

The Ways in Which Prokaryotes Obtain Carbon

Just as prokaryotes can use different sources of energy, they can also utilize different sources of
carbon compounds. Recall that organisms that are able to fix inorganic carbon are called autotrophs.
Autotrophic prokaryotes synthesize organic molecules from carbon dioxide. In contrast,
heterotrophic prokaryotes obtain carbon from organic compounds. To make the picture more
complex, the terms that describe how prokaryotes obtain energy and carbon can be combined. Thus,
photoautotrophs use energy from sunlight and carbon from carbon dioxide and water, whereas
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chemoheterotrophs obtain energy and carbon from an organic chemical source.
Chemolithoautotrophs obtain their energy from inorganic compounds, while building their complex
molecules from carbon dioxide. Table 3-1 summarizes carbon and energy sources in prokaryotes .

Table 3.1 Carbon and Energy Sources in Prokaryotes

Energy Sources

Carbon Sources

Light Chemicals Carbon Organic
Dioxide compounds
Phototrophs Chemotrophs Autotrophs Heterotrophs
Organic chemicals Inorganic
chemicals

Chemo-organotrophs | Chemolithotrophs

This table summarizes the types of energy and carbon sources for different types of prokaryotes.
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Review Questions

1. Prokaryotes lack membrane bound organelles (including a nucleus).
a. True
b. False
2. Which of the following is NOT a characteristic of prokaryotes?
a. cellmembrane
b. cell wall
C. DNA
d. endoplasmic reticulum
3. Which of the following is a function of plasma membranes?
a. regulating transportation of materials in and out of a cell
b. organizing cellular processes
C. producing proteins and hormones
d. communicating directly with the cell nucleus
4, Which of the following pathways is responsible for translocating folded proteins across a

lipid membrane bilayer in plants, bacteria and archaea?

a. PGF-CTERM/archaeo sortase A system
b. Tat pathway

C. PEP-CTERM/exosortase system

d. PEP group translocation
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5. Which type of transport method across the cell membrane is used when

phosphoenolpyruvate is the energy source?

a. PEP-CTERM/exosortase system
b. TAT pathway
C. PEP group translocation
d. PGF-CTERM/archaeo sortase A system
6. Which of the following have developed as means to ensure proper obtainment of iron?
a. siderophores: soluble Fe3+ binding agents that promote iron uptake by active
transport mechanisms
b. hemophores: a heme binding scavenging protein that can bind directly to
iron/heme proteins
C. Bacillibactin: a siderophore that binds to the immune system protein siderocalin
d. All of the choices
7. A team of researchers is attempting to produce synthetic ABC transporters capable of

transporting hydrophilic substances across the cell membrane into the cell. Which

category of transporters would serve as their best model?

a. The ABC transporters mainly found in gram-negative bacteria
b. The ABC transporters found in bacterial efflux systems
C. The ABC transporters mainly found in prokaryotes
d. none of the above
8. Which of the following is one of the most important requirements for classification as an
ABC transporter?
a. The ability to synthesize ATP-binding cassettes
b. The ability to cleave ATP and utilize the energy for transport
C. The presence of an ATP-binding cassette (ABC) domain
d. Its specificity for importing, not exporting, substances
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10.

11.

12.

Passive transport

a. explains the movement of molecules or ions from high to low concentration.

b. describes the movement of biomolecules such as proteins, carbohydrates, and
fatty acids.

C. uses membrane proteins and channels to move molecules down concentration
gradients.

d. requires the input of cellular energy to transport biomolecules.

Which of the following statements about channel proteins is true?

a. They change shape as they move molecules across a membrane.
b. All of them are open at all times to allow passage of materials.
C. Polar compounds pass through them to avoid nonpolar regions.
d. All the above

Bacteria are characterized by the presence of:

a. thin layers of peptidoglycan

b. an outer membrane envelope

C. an overall positive charge to the cell wall
d. thick layers of peptidoglycan

Which of the following polymers are specific to cell wall of gram-positive bacteria and are

hypothesized to serve as chelating agents?

a. Glycoproteins

b. Peptidoglycans

C. Siderophores

d. Teichoic acid polymers
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13. Gram-negative bacteria are characterized by the presence of a gram-negative envelope.
Which of the following are components of this envelope?

a. the plasma membrane, peptidoglycan and periplasm
b. the plasma membrane, peptidoglycan and the outer membrane
C. the plasma membrane, outer membrane and periplasm
d. the plasma membrane and the outer membrane, peptidoglycan layer and
periplasm
14. An integral component of the gram-negative cell wallis the periplasm. If there wasa defect

in this periplasm, which of the following functions would most likely be disrupted?

a. the synthesis of Braun's lipoproteins so decreasing the amount of peptidoglycan
present

b. the ability of siderophores to participate in iron uptake

C. the production of lipopolysaccharide thus, making the bacteria non-pathogenic

d. the ability to bind to vitamins, iron and enzymes needed for bacterial nutrition
15. The major component of the bacterial cell responsible for a positive gram stain is:

a. peptidoglycan

b. N-acetylglucosamine

C. glucose

d. bactoprenol
16. Which of the following are correctly paired with is description?

a. archaea: cell walls are composed of surface-layer proteins

b. fungi: cell walls are composed of chitin

C. bacteria: cell walls are composed of peptidoglycan

d. all of the above

Chapter 3 3-51



http://creativecommons.org/licenses/by-sa/4.0/

17. You are a scientist, and you investigate a unicellular organism. You identify branched
hydrocarbon chains and ether linkages between hydrocarbon and glycerol in lipids, derived
from the plasma membrane of this organism. Which of the following best identifies this organism?

a. bacterium
b. eukaryote
C. protozoa
d. archaea
18. Magnetosomes are highly specialized internal structures that promote survival in

magnetotactic bacteria. What role do magnetosomes play in these bacteria?

a. aid bacteria in attracting crystals of magnetite utilized for metabolic processes
b. aid bacteria in production of iron oxide to locate preferred environments
C. aid bacteria in locating microaerophilic & optimal oxygen concentrated

environments

d. aid bacteria in vesicle transport of ingested magnetotactic algae
19. When a Gram-positive bacterium is placed in water and penicillin the wall will undergo
osmotic lysis.
a. True
b. False
20. A species of bacteria is obtained from an environment that has suffered from a decrease in
key nutrients. Which of the following is the best explanation for how the bacteria are able to
thrive?
a. a species of bacteria would not thrive in an environment lacking key nutrients
b. the bacteria do not need a multitude of nutrients to survive
C. has various methods of nutrient storage that allows them to store any excess
d. has an internal microenvironment that can produce its own nutrients
21. Capsules may protect pathogens from phagocytosis.
a. True
b. False
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22. Mycoplasma is a genus of bacteria that are differ from most other genera because it lacks:

a. cell wall
b. cytosol
C. nucleoid
d. DNA
23. Pili help cells attach to surfaces.
a. True
b. False
24, Lysozyme destroys gram-negative cell walls producing protoplasts.
a. True
b. False

25. Which of the following pairs is MISMATCHED?

a. plasma membrane - transport

b. glycocalyx - adherence

C. ribosomes - protein synthesis

d. flagella - twitching motility and DNA transfer

e. endospores - survive adverse environmental conditions
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Learning Outcomes

By the end of this chapter, you will be able to:
- Describe the structure of eukaryotic cells.
- Describe how prokaryotic cells differ from eukaryotic cells.

- Differentiate between the structures found in animal and plant cells, explain their roles and

functions.
= Describe the physical structures associated with fungi.
= Describe the mode of nutrition of fungi.
= Describe types of asexual and sexual reproduction in fungi.
- Provide examples of fungi that are animal parasites and pathogens.
= Describe the relationship between endosymbiosis and mitochondria.
- Discuss types of Protists and their unique features.

= Describe examples of Protists that are animal parasites and pathogens.

4.1 Characteristics of Eukaryotic Cells

A eukaryotic cell has a true membrane-bound nucleus and has other membranous organelles that
allow for compartmentalization of functions.

Like a prokaryotic cell, a eukaryotic cell has a plasma membrane, cytoplasm, and ribosomes.
However, unlike prokaryotic cells, eukaryotic cells have:

- amembrane-bound nucleus

- numerous membrane-bound organelles (including the endoplasmic reticulum, Golgi

apparatus, chloroplasts, and mitochondria)

- several rod-shaped chromosomes
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4.1.1 The Nucleus and Its Structures

The nucleus is the most prominent organelle in a cell. Eukaryotic cells have a true nucleus, which
means the cell's DNA is surrounded by a membrane. Therefore, the nucleus houses the cell's DNA
and directs the synthesis of proteins and ribosomes, the cellular organelles responsible for protein
synthesis. The nuclear envelope is a double-membrane structure that constitutes the outermost
portion of the nucleus. Both the inner and outer membranes of the nuclear envelope are
phospholipid bilayers. The nuclear envelope is punctuated with pores that control the passage of
ions, molecules, and RNA between the nucleoplasm and cytoplasm. The nucleoplasm is the semi-
solid fluid inside the nucleus where we find the chromatin and the nucleolus. Furthermore,
chromosomes are structures within the nucleus that are made up of DNA, the genetic material. In
prokaryotes, DNA is organized into a single circular chromosome. In eukaryotes, chromosomes are
linear structures.

The nucleus stores chromatin (DNA
Endoplasmic

plus proteins) in a gel-like reticulum

substance called the nucleoplasm.

The nucleolus is a condensed Nucleolus
region of chromatin where

ribosome synthesis occurs. The Chromatin
boundary of the nucleus is called

Nucleoplasm
the nuclear envelope. It consists of
two phospholipid bilayers: an outer Nuclear pore
membrane and an inner
membrane. The nuclear membrane Nuclear envelope

is continuous with the endoplasmic

. Figure 4.1 Eukaryotic Nucleus
reticulum. Nuclear pores allow
substances to enter and exit the

nucleus.

One of the main differences between prokaryotic and eukaryotic cells is the nucleus. Prokaryotic
cells lack an organized nucleus while eukaryotic cells contain membrane-bound nuclei (and
organelles) that house the cell's DNA and direct the synthesis of ribosomes and proteins. The
nucleus stores chromatin (DNA plus proteins) in a gel-like substance called the nucleoplasm . To
understand chromatin, it is helpful to first consider chromosomes. Chromatin describes the
material that makes up chromosomes, which are structures within the nucleus that are made up of
DNA, the hereditary material. Every eukaryotic species has a specific number of chromosomes in the
nuclei of its body's cells. For example, in humans, the chromosome number is 46, while in fruit flies,
8. Chromosomes are only visible and distinguishable from one another when the cell is getting
ready to divide. In order to organize the large amount of DNA within the nucleus, proteins called
histones are attached to chromosomes; the DNA is wrapped around these histones to form a
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structure resembling beads on a string. These protein-chromosome complexes are called
chromatin.

This image shows various levels of the
organization of chromatin (DNA and

/

Chromatin

protein). Along the chromatin threads,
unwound protein-chromosome
complexes, we find DNA wrapped
around a set of histone proteins.

Histone: a protein associated
with DNA

Figure 4.2 DNA is highly organized

Nuclear pores
Nuclear envelope

Chromatin
(condensed)
Nucleus

Nucleolus

Cisternae

Figure 4.3 The nucleus stores the hereditary material of the cell

The nucleus is the control center of the cell. The nucleus of living cells contains the genetic material
that determines the entire structure and function of that cell.
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The nucleoplasm is also where we find the nucleolus. The nucleolus is a condensed region of
chromatin where ribosome synthesis occurs. Ribosomes, large complexes of protein and ribonucleic
acid (RNA), are the cellular organelles responsible for protein synthesis. They receive their "orders"
for protein synthesis from the nucleus where the DNA is transcribed into messenger RNA (mRNA).
This mRNA travels to the ribosomes, which translate the code provided by the sequence of the
nitrogenous bases in the mRNA into a specific order of amino acids in a protein.

Ribosomes are made up of a large

Growing peptide ———— subunit and a small subunit. During

chain

protein synthesis, ribosomes

assemble amino acids into proteins.
Ribosome

large Lastly, the boundary of the nucleus is
subunit

called the nuclear envelope. It
tRNA consists of two phospholipid bilayers:
mRNA ' an outer membrane and an inner
membrane. The nuclear membrane is
continuous with the endoplasmic
Ribisscing reticulum, while nuclear pores allow

small
subunit

substances to enter and exit the
nucleus.

Figure 4.4 Ribosomes are responsible for protein synthesis

The Plasma Membrane

The plasma membrane is made up of a phospholipid bilayer that regulates the concentration of
substances that can permeate a cell. Despite differences in structure and function, all living cells in
multicellular organisms have a surrounding plasma membrane (also known as the cell membrane).
As the outer layer of your skin separates your body from its environment, the plasma membrane
separates the inner contents of a cell from its exterior environment. The plasma membrane can be
described as a phospholipid bilayer with embedded proteins that controls the passage of organic
molecules, ions, water, and oxygen into and out of the cell. Wastes (such as carbon dioxide and
ammonia) also leave the cell by passing through the membrane.
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Figure 4.5 Eukaryotic Plasma Membrane
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The eukaryotic plasma membrane is a phospholipid bilayer with proteins and cholesterol

embedded init.

The cell membrane is an extremely pliable structure composed primarily of two adjacent sheets of

phospholipids. Cholesterol, also present, contributes to the fluidity of the membrane. A single

phospholipid molecule consists of a polar phosphate "head," which is hydrophilic, and a non-polar
lipid "tail," which is hydrophobic. Unsaturated fatty acids result in kinks in the hydrophobic tails.
The phospholipid bilayer consists of two phospholipids arranged tail to tail. The hydrophobic tails

associate with one another, forming the interior of the membrane. The polar heads contact the fluid

inside and outside of the cell .

The phospholipid bilayer consists of
two adjacent sheets of phospholipids,
arranged tail to tail. The hydrophobic
tails associate with one another,

forming the interior of the membrane.

The polar heads contact the fluid
inside and outside of the cell.

Extracellular

— Phospholipid
bilayer

Intracellular Hydrophobic tail

Hydrophilic head

Figure 4.6 Phospholipid Bilayer
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The plasma membrane's main function is to regulate the concentration of substances inside the
cell. These substances include ions such as Ca™, Na*, K', and Cl7; nutrients including sugars, fatty
acids, and amino acids; and waste products, particularly carbon dioxide (CO,), which must leave the
cell.

The membrane's lipid bilayer structure provides the cell with access control through permeability.
The phospholipids are tightly packed together, while the membrane has a hydrophobic interior.
This structure causes the membrane to be selectively permeable. A membrane that has selective
permeability allows only substances meeting certain criteria to pass through it unaided. In the case
of the plasma membrane, only relatively small, non-polar materials can move through the lipid
bilayer (remember, the lipid tails of the membrane are nonpolar). Some examples of these materials
are other lipids, oxygen and carbon dioxide gases, and alcohol. However, water-soluble materials—
such as glucose, amino acids, and electrolytes—need some assistance to cross the membrane
because they are repelled by the hydrophobic tails of the phospholipid bilayer.

All substances that move through the membrane do so by one of two general methods, which are
categorized based on whether or not energy is required. Passive (non-energy requiring) transport is
the movement of substances across the membrane without the expenditure of cellular energy.
During this type of transport, materials move by simple diffusion or by facilitated diffusion through
the membrane, down their concentration gradient. Water passes through the membrane in a
diffusion process called osmosis. Osmosis is the diffusion of water through a semi-permeable
membrane down its concentration gradient. It occurs when there is an imbalance of solutes outside
of a cell versus inside the cell. The solution that has the higher concentration of solutes is said to be
hypertonic and the solution that has the lower concentration of solutes is said to be hypotonic.
Water molecules will diffuse out of the hypotonic solution and into the hypertonic solution (unless
acted upon by hydrostatic forces).

ﬁ
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Figure 4.7 Osmosis

Osmosis is the diffusion of water through a semipermeable membrane down its concentration
gradient. If a membrane is permeable to water, though not to a solute, water will equalize its own
concentration by diffusing to the side of lower water concentration (and thus the side of higher
solute concentration). In the beaker on the left, the solution on the right side of the membrane is
hypertonic.

In contrast to passive transport, active (energy-requiring) transport is the movement of substances
across the membrane using energy from adenosine triphosphate (ATP). The energy is expended to
assist material movement across the membrane in a direction against their concentration gradient.
Active transport may take place with the help of protein pumps or through the use of vesicles.
Another form of this type of transport is endocytosis, where a cell envelops extracellular materials
using its cell membrane. The opposite process is known as exocytosis. This is where a cell exports
material using vesicular transport.

The Cytoplasm and Membrane-Bound Organelles

The cell’s plasma membrane also helps contain the cell’s cytoplasm. The cytoplasm provides a gel
like environment for the cell’s organelles. The cytoplasm is the location for most cellular processes
including metabolism, protein folding and internal transportation.

Organelles within the cytoplasm include the following: Mitochondria are organelles that are
responsible for making adenosine triphosphate (ATP), the cell's main energy-carrying molecule.
Mitochondria are oval-shaped, double membrane organelles that have their own ribosomes and
DNA. These organelles are often called the "energy factories" of a cell because they are responsible
for making adenosine triphosphate (ATP), the cell's main energy-carrying molecule. Mitochondria
are also important in cellular respiration. The endoplasmic reticulum modifies proteins and
synthesizes lipids, while the Golgi apparatus is where the sorting, tagging, packaging, and
distribution of lipids and proteins occur. Peroxisomes are small, round organelles enclosed by single
membranes; they carry out oxidation reactions that break down fatty acids and amino acids.
Peroxisomes also detoxify many poisons that may enter the body. Vesicles and vacuoles are
membrane-bound sacs that function in storage and transport. Other than the fact that vacuoles are
somewhat larger than vesicles, there is a very subtle distinction between them: the membranes of
vesicles can fuse with either the plasma membrane or other membrane systems within the cell. All
of these organelles are found in each and every eukaryotic cell.

Mitochondria

One of the major features distinguishing prokaryotes from eukaryotes is the presence of
mitochondria. Mitochondria are double-membrane organelles that contain their own ribosomes
and DNA. Each membrane is a phospholipid bilayer embedded with proteins. Eukaryotic cells may
contain anywhere from one to several thousand mitochondria, depending on the cell's level of
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energy consumption. Each mitochondrion measures 1 to 10 micrometers (or greater) in length and
exists in the cell as an organelle that can be ovoid to worm-shaped to intricately branched.

Most mitochondria are surrounded by two membranes, which would result when one membrane-
bound organism was engulfed into a vacuole by another membrane-bound organism. The
mitochondrial inner membrane is extensive and involves substantial infoldings called cristae that
resemble the textured, outer surface of a-proteobacteria. The matrix and inner membrane are rich
with the enzymes necessary for aerobic respiration.

This electron micrograph shows a

mitochondrion as viewed with a Mitochondrial

transmission electron matrix

microscope. This organelle has an

outer membrane and an inner Cristae

membrane. The inner membrane
Outer membrane

contains folds, called cristae, I -
nner membrane

which increase its surface area.
The space between the two

Figure 4.8 Mitochondrial structure

membranes is called the
intermembrane space, and the
space inside the inner membrane
is called the mitochondrial matrix.
ATP synthesis takes place on the
inner membrane.

Mitochondria have their own (usually) circular DNA chromosome that is stabilized by attachments
to the inner membrane and carries genes similar to genes expressed by a-proteobacteria.
Mitochondria also have special ribosomes and transfer RNAs that resemble these components in
prokaryotes. These features all support the hypothesis that mitochondria were once free-living
prokaryotes.

Mitochondria are often called the "powerhouses" or "energy factories" of a cell because they are
responsible for making adenosine triphosphate (ATP), the cell's main energy-carrying molecule. ATP
represents the short-term stored energy of the cell. Cellular respiration is the process of making ATP
using the chemical energy found in glucose and other nutrients. In mitochondria, this process uses
oxygen and produces carbon dioxide as a waste product. In fact, the carbon dioxide that you exhale
with every breath comes from the cellular reactions that produce carbon dioxide as a by-product.

In addition to the aerobic generation of ATP, mitochondria have several other metabolic functions.
One of these functions is to generate clusters of iron and sulfur that are important cofactors of many
enzymes. Such functions are often associated with the reduced mitochondrion-derived organelles
of anaerobic eukaryotes.
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There are two hypotheses about the origin of mitochondria: endosymbiotic and autogenous, but
the most accredited theory at present is endosymbiosis. The endosymbiotic hypothesis suggests
mitochondria were originally prokaryotic cells, capable of implementing oxidative mechanisms.
These prokaryotic cells may have been engulfed by a eukaryote and became endosymbionts living
inside the eukaryote.

Peroxisomes

Peroxisomes neutralize harmful toxins and carry out lipid metabolism and oxidation reactions that
break down fatty acids and amino acids.

A type of organelle found in both Lipid bilayer
animal cells and plant cells, a
peroxisome is a membrane-bound
cellular organelle that contains
mostly enzymes . Peroxisomes
perform important functions,

including lipid metabolism and Plasmia

chemical detoxification. They also membrane

carry out oxidation reactions that
break down fatty acids and amino
acids.

Peroxisomes are membrane-bound
organelles that contain an

Figure 4.9 Peroxisomes

abundance of enzymes for
detoxifying harmful substances and
lipid metabolism.

In contrast to the digestive enzymes found in lysosomes, the enzymes within peroxisomes serve to
transfer hydrogen atoms from various molecules to oxygen, producing hydrogen peroxide (H.0.). In
this way, peroxisomes neutralize poisons, such as alcohol, that enter the body. In order to
appreciate the importance of peroxisomes, it is necessary to understand the concept of reactive
oxygen species.

Reactive oxygen species (ROS), such as peroxides and free radicals, are the highly reactive products
of many normal cellular processes, including the mitochondrial reactions that produce ATP and
oxygen metabolism. Examples of ROS include the hydroxyl radical OH, H,0,, and superoxide (0-2).
Some ROS are important for certain cellular functions, such as cell signalling processes and immune
responses against foreign substances. Many ROS, however, are harmful to the body. Free radicals
are reactive because they contain free unpaired electrons; they can easily oxidize other molecules
throughout the cell, causing cellular damage and even cell death. Free radicals are thought to play a
role in many destructive processes in the body, from cancer to coronary artery disease.
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Peroxisomes oversee reactions that neutralize free radicals. They produce large amounts of the toxic
H.0. in the process, but contain enzymes that convert H,0; into water and oxygen. These by-
products are then safely released into the cytoplasm. Peroxisomes neutralize harmful toxins so
that they do not cause damage in the cells. The liver is the organ primarily responsible for
detoxifying the blood before it travels throughout the body; liver cells contain an exceptionally high
number of peroxisomes.

The Centrosome

The centrosome is a microtubule-organizing center found near the nuclei of animal cells. It contains
a pair of centrioles, two structures that lie perpendicular to each other . Each centriole is a cylinder
of nine triplets of microtubules. The centrosome (the organelle where all microtubules originate)
replicates itself before a cell divides, and the centrioles appear to have some role in pulling the
duplicated chromosomes to opposite ends of the dividing cell. However, the exact function of the
centrioles in cell division isn't clear, because cells that have had the centrosome removed can still
divide; and plant cells, which lack centrosomes, are capable of cell division.

The centrosome consists of two

centrioles that lie at right angles to

each other. Each centrioleis a Centriole
cylinder made up of nine triplets of

microtubules. Non-Tubulin

proteins (indicated by the green

lines) hold the microtubule triplets Microtubule
triplet

together. Centriole
Figure 4.10 The Centrosome Structure

Lysosomes

Animal cells have another set of organelles not found in plant cells: lysosomes. The lysosomes are
the cell's "garbage disposal." In plant cells, the digestive processes take place in vacuoles. Enzymes
within the lysosomes aid the breakdown of proteins, polysaccharides, lipids, nucleic acids, and even
worn-out organelles. These enzymes are active at a much lower pH than that of the cytoplasm.
Therefore, the pH within lysosomes is more acidic than the pH of the cytoplasm. Many reactions that
take place in the cytoplasm could not occur at a low pH, so the advantage of compartmentalizing
the eukaryotic cell into organelles is apparent.
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Chloroplasts

Like mitochondria, chloroplasts have their own DNA and ribosomes, but chloroplasts have an
entirely different function. Chloroplasts are plant cell organelles that carry out photosynthesis.
Photosynthesis is the series of reactions that use carbon dioxide, water, and light energy to make
glucose and oxygen. This is a major difference between plants and animals; plants (autotrophs) are
able to make their own food, like sugars, while animals (heterotrophs) must ingest their food. Like
mitochondria, chloroplasts have outer and inner membranes, but within the space enclosed by a
chloroplast's inner membrane is a set of interconnected and stacked fluid-filled membrane sacs
called thylakoids. Each stack of thylakoids is called a granum (plural = grana). The fluid enclosed by
the inner membrane that surrounds the grana is called the stroma.

The chloroplast has an outer Outer Intermembrane  Inner Stroma
membrane, an inner membrane, membrane space membrane (aqueous fluid)
and membrane structures called
thylakoids that are stacked into
grana. The space inside the
thylakoid membranes is called
the thylakoid space. The light
harvesting reactions take place in
the thylakoid membranes, and
the synthesis of sugar takes place
in the fluid inside the inner

membrane, which is called the

stroma. Thylakoid Granum
(stack of thylakoids)

Figure 4.11 The Chloroplast Structure

The chloroplasts contain a green pigment called chlorophyll, which captures the light energy that
drives the reactions of photosynthesis. Like plant cells, photosynthetic protists also have
chloroplasts. Some bacteria perform photosynthesis, but their chlorophyll is not relegated to an
organelle.

The Central Vacuole

The central vacuole plays a key role in regulating the cell's concentration of water in changing
environmental conditions. When you forget to water a plant for a few days, it wilts. That's because
as the water concentration in the soil becomes lower than the water concentration in the plant,
water moves out of the central vacuoles and cytoplasm. As the central vacuole shrinks, it leaves the
cell wall unsupported. This loss of support to the cell walls of plant cells results in the wilted
appearance of the plant. The central vacuole also supports the expansion of the cell. When the
central vacuole holds more water, the cell gets larger without having to invest a lot of energy in
synthesizing new cytoplasm.
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The Endoplasmic Reticulum

The endoplasmic reticulum is an organelle that is responsible for the synthesis of lipids and the
modification of proteins.

The endoplasmic reticulum (ER) is a series of interconnected membranous sacs and tubules that
collectively modifies proteins and synthesizes lipids. However, these two functions are performed in
separate areas of the ER: the rough ER and the smooth ER. The hollow portion of the ER tubules is
called the lumen or cisternal space. The membrane of the ER, which is a phospholipid bilayer
embedded with proteins, is continuous with the nuclear envelope.

The rough endoplasmic reticulum (RER) is so named because the ribosomes attached to its
cytoplasmic surface give it a studded appearance when viewed through an electron microscope.
Ribosomes transfer their newly synthesized proteins into the lumen of the RER where they undergo
structural modifications, such as folding or the acquisition of side chains. These modified proteins
will be incorporated into cellular membranes—the membrane of the ER or those of other
organelles—or secreted from the cell (such as protein hormones, enzymes). The RER also makes
phospholipids for cellular membranes. If the phospholipids or modified proteins are not destined to
stay in the RER, they will reach their destinations via transport vesicles that bud from the RER's
membrane. Since the RER is engaged in modifying proteins (such as enzymes, for example) that will
be secreted from the cell, the RER is abundant in cells that secrete proteins. This is the case with
cells of the liver, for example.

This transmission electron Mitochondrion overlaying Rough endoplasmic reticulum
part of the RER

micrograph shows the
rough endoplasmic

‘g P Nuclear envelope
reticulum and other
organellesin a pancreatic Nuclear pore
cell.

Nucleus

Nucleolus

The smooth endoplasmic reticulum (SER) is continuous with the RER but has few or no ribosomes
on its cytoplasmic surface. Functions of the SER include synthesis of carbohydrates, lipids, and
steroid hormones; detoxification of medications and poisons; and storage of calciumions.

The Golgi Apparatus

The Golgi apparatus sorts and packages materials before they leave the cell to ensure they arrive at
the proper destination. Vesicles can bud from the ER and transport their contents elsewhere and
before reaching their final destination, the lipids or proteins within the transport vesicles still need
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to be sorted, packaged, and tagged so that they wind up in the right place. Sorting, tagging,
packaging, and distribution of lipids and proteins takes place in the Golgi apparatus, a series of
flattened membranes.

The Golgi apparatus in this white
blood cellis visible as a stack of
semicircular, flattened rings in the
lower portion of the image. Several
vesicles can be seen near the Golgi
apparatus.

Golgi apparatus

o~ . i
Figure 4.13 The Golgi apparatus sorts and packages cellular
products

The receiving side of the Golgi apparatus is called the cis face. The opposite side is called the trans
face. The transport vesicles that formed from the ER travel to the cis face, fuse with it, and empty
their contents into the lumen of the Golgi apparatus. As the proteins and lipids travel through the
Golgi, they undergo further modifications that allow them to be sorted. The most frequent
modification is the addition of short chains of sugar molecules. These newly modified proteins and
lipids are then tagged with phosphate groups or other small molecules so that they can be routed to
their proper destinations.

Finally, the modified and tagged proteins are packaged into secretory vesicles that bud from the
trans face of the Golgi. While some of these vesicles deposit their contents into other parts of the cell
where they will be used, other secretory vesicles fuse with the plasma membrane and release their
contents outside the cell.

In another example of form following function, cells that engage in a great deal of secretory activity
(such as cells of the salivary glands that secrete digestive enzymes or cells of the immune system
that secrete antibodies) have an abundance of Golgi. In plant cells, the Golgi apparatus has the
additional role of synthesizing polysaccharides, some of which are incorporated into the cell wall
and some of which are used in other parts of the cell.

Lysosomes

A lysosome has three main functions: the breakdown/digestion of macromolecules (carbohydrates,
lipids, proteins, and nucleic acids), cell membrane repairs, and responses against foreign
substances such as bacteria, viruses and other antigens. When food is eaten or absorbed by the cell,
the lysosome releases its enzymes to break down complex molecules including sugars and proteins
into usable energy needed by the cell to survive. If no food is provided, the lysosome's enzymes
digest other organelles within the cell in order to obtain the necessary nutrients.
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In addition to their role as the digestive component and organelle-recycling facility of animal cells,
lysosomes are considered to be parts of the endomembrane system. Lysosomes also use their
hydrolytic enzymes to destroy pathogens (disease-causing organisms) that might enter the cell. A
good example of this occurs in a group of white blood cells called macrophages, which are part of
your body's immune system. In a process known as phagocytosis or endocytosis, a section of the
plasma membrane of the macrophage invaginates and engulfs a pathogen. The invaginated section,
with the pathogen inside, then pinches itself off from the plasma membrane and becomes a vesicle.
The vesicle fuses with a lysosome. The lysosome's hydrolytic enzymes then destroy the pathogen .

A macrophage has engulfed Phagocytosis

(phagocytized) a potentially Food particle ~ Food vacuole  Exocytic vesicle containing
undigested material

pathogenic bacterium and then fuses
with a lysosome within the cell to
destroy the pathogen. Other
organelles are present in the cell but

for simplicity are not shown. Pseudopods

Lysosome containing
digestive enzymes

Figure 4.14 Lysosomes digest foreign substances that might
harm the cell

A lysosome is composed of lipids, which make up the membrane, and proteins, which make up the
enzymes within the membrane. Usually, lysosomes are between 0.1 to 1.2pum, but the size varies
based on the cell type. The general structure of a lysosome consists of a collection of enzymes
surrounded by a single-layer membrane. The membrane is a crucial aspect of its structure because
without it the enzymes within the lysosome used to breakdown foreign substances would leak out
and digest the entire cell, causing it to die.

Lysosomes are found in nearly every animal-like eukaryotic cell. They are so common in animal cells
because, when animal cells take in or absorb food, they need the enzymes found in lysosomes in
order to digest and use the food for energy. On the other hand, lysosomes are not commonly found
in plant cells. Lysosomes are not needed in plant cells because they have cell walls that are tough
enough to keep the large/foreign substances that lysosomes would usually digest out of the cell.
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4.1.2 The Cytoskeleton

Microfilaments

Microfilaments, which are the thinnest part of the cytoskeleton, are used to give shape to the cell
and support all of its internal parts. If all the organelles were removed from a cell, the plasma
membrane and the cytoplasm would not be the only components left. Within the cytoplasm there
would still be ions and organic molecules, plus a network of protein fibres that help maintain the
shape of the cell, secure some organelles in specific positions, allow cytoplasm and vesicles to move
within the cell, and enable unicellular organisms to move independently. This network of protein
fibres is known as the cytoskeleton. There are three types of fibres within the cytoskeleton:
microfilaments, intermediate filaments, and microtubules. Of the three types of protein fibres in the
cytoskeleton, microfilaments are the narrowest. They function in cellular movement, have a
diameter of about 7 nm, and are made of two intertwined strands of a globular protein called actin .
For this reason, microfilaments are also known as actin filaments.

Microfilaments are made of two intertwined
strands of actin.

Actin is powered by ATP to assemble its

filamentous form, which serves as a track for the

movement of a motor protein called myosin. This

enables actin to engage in cellular events Actin subunit
requiring motion such as cell division in animal

cells and cytoplasmic streaming, which is the

circular movement of the cell cytoplasm in plant

cells. Actin and myosin are plentiful in muscle

cells. When actin and myosin filaments slide past

each other, muscles contract.

Microfilaments also provide some rigidity and

shape to the cell. They can depolymerize ,
. . . Actin filaments =——
(disassemble) and reform quickly, thus enabling

a cell to change its shape and move. White blood

cells (your body's infection-fighting cells) make
good use of this ability. They can move to the site
of an infection and engulf the pathogen.

Figure 4.15 Microfilaments are the thinnest
component of the cytoskeleton.
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Intermediate Filaments and Microtubules

Microtubules are part of the cell's cytoskeleton, helping the cell resist compression, move vesicles,
and separate chromosomes at mitosis. As their name implies, microtubules are small hollow tubes.
Microtubules, along with microfilaments and intermediate filaments, come under the class of
organelles known as the cytoskeleton. The cytoskeleton is the framework of the cell, which forms
the structural supporting component. Microtubules are the largest element of the cytoskeleton. The
walls of the microtubule are made of polymerized dimers of a-tubulin and 3-tubulin, two globular
proteins . With a diameter of about 25 nm, microtubules are the widest components of the
cytoskeleton. They help the cell resist compression, provide a track along which vesicles move
through the cell, and pull replicated chromosomes to opposite ends of a dividing cell. Like
microfilaments, microtubules can dissolve and reform quickly.

13 polymerized dimers
of a-tubulin and B-tubulin

Microtubules are hollow, with walls consisting of 13 polymerized dimers of a-tubulin and B -tubulin
(right image). The left image shows the molecular structure of the tube.

Microtubules are also the structural elements of flagella, cilia, and centrioles (the latter are the two
perpendicular bodies of the centrosome). In animal cells, the centrosome is the microtubule-
organizing center. In eukaryotic cells, flagella and cilia are quite different structurally from their
counterparts in prokaryotes.
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Intermediate Filaments

Intermediate filaments (IFs) are cytoskeletal components found
in animal cells. They are composed of a family of related
proteins sharing common structural and sequence features.
Intermediate filaments have an average diameter of 10
nanometers, which is between that of 7 nm actin
(microfilaments), and that of 25 nm microtubules, although

they were initially designated 'intermediate’ because their
average diameter is between those of narrower microfilaments
(actin) and wider myosin filaments found in muscle cells.
Intermediate filaments contribute to cellular structural
elements and are often crucial in holding together tissues like
skin.

Keratin cytoskeletal intermediate filaments are concentrated around the edge of the cells and
merge into the surface membrane. This network of intermediate filaments from cell to cell holds
together tissues like skin.

Flagella and Cilia

Flagella (singular = flagellum) are long, hair-like structures that extend from the plasma membrane
and are used to move an entire cell (for example, sperm, Euglena). When present, the cell has just
one flagellum or a few flagella. When cilia (singular = cilium) are present, however, many of them
extend along the entire surface of the plasma membrane. They are short, hair-like structures that
are used to move entire cells (such as paramecia) or substances along the outer surface of the cell
(for example, the cilia of cells lining the Fallopian tubes that move the ovum toward the uterus, or
cilia lining the cells of the respiratory tract that trap particulate matter and move it toward your
nostrils).

Despite their differences in length and number, flagella and cilia share a common structural
arrangement of microtubules called a "9 + 2 array.” This is an appropriate name because a single
flagellum or cilium is made of a ring of nine microtubule doublets surrounding a single microtubule
doublet in the center.
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This transmission electron micrograph of two
flagella shows the 9 + 2 array of microtubules: nine
microtubule doublets surround a single microtubule
doublet.

The Cell Wall

The cell wall is a rigid covering that protects the cell, provides structural support, and gives shape to
the cell. Fungal and protistan cells also have cell walls. While the chief component of prokaryotic
cell walls is peptidoglycan, the major organic molecule in the plant cell wall is cellulose , a
polysaccharide comprised of glucose units. When you bite into a raw vegetable, like celery, it
crunches. That's because you are tearing the rigid cell walls of the celery cells with your teeth.

H  OH H,C — OH OH ,C — OH
H H
o HoH
OH H OH H H
H o o/ \OH H 1
R o
H,C — OH H,C — OH H OH

Cellulose is a long chain of -glucose molecules connected by a 1-4 linkage. The dashed lines at
each end of the figure indicate a series of many more glucose units. The size of the page makes it
impossible to portray an entire cellulose molecule.
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Extracellular Matrix of Animal Cells

The extracellular matrix of animal Proteoglycan complex
cells holds cells together to form a Carbohydrates
tissue and allow tissues to

. . Protein
communicate with each other.

Most animal cells release materials
Collagen fiber

into the extracellular space. The
% Polysaccharide
EEUE\,

primary components of these

materials are proteins. Collagen is
the most abundant of the proteins.
Its fibres are interwoven with
carbohydrate-containing protein
molecules called proteoglycans.

. . T
Collectively, these materials are e
ik N S 6 e

lled the extracellular matrix. Not g, 552
called the extracellular matrix. No 4
only does the extracellular matrix 4 ‘

hold the cells together to form a

) ) Plasma Integrin - Microfilaments
tissue, but it also allows the cells membrane of the cytoskeleton
within the tissue to communicate Figure 4.20 The Extracellular Matrix

with each other.
The extracellular matrix consists of a network of proteins

and carbohydrates.

Cells have protein receptors on the extracellular surfaces of their plasma membranes. When a
molecule within the matrix binds to the receptor, it changes the molecular structure of the receptor.
The receptor, in turn, changes the conformation of the microfilaments positioned just inside the
plasma membrane. These conformational changes induce chemical signals inside the cell that
reach the nucleus and turn "on" or "off" the transcription of specific sections of DNA. This affects the
production of associated proteins, thus changing the activities within the cell.

Intercellular Junctions

Intercellular junctions provide plant and animal cells with the ability to communicate through direct
contact. The extracellular matrix allows cellular communication within tissues through
conformational changes that induce chemical signals, which ultimately transform activities within
the cell. However, cells are also capable of communicating with each other via direct contact
through intercellular junctions.

There are some differences in the ways that plant and animal cells communicate directly.
Plasmodesmata are junctions between plant cells, whereas animal cell contacts are carried out
through tight junctions, gap junctions, and desmosomes.
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Animal Cells Versus Plant Cells

While all eukaryotic cells contain the aforementioned organelles and structures, there are some
striking differences between animal and plant cells. Animal cells have a centrosome and lysosomes,
whereas plant cells do not. The centrosome is a microtubule-organizing center found near the
nuclei of animal cells while lysosomes take care of the cell's digestive process.

Nucleus Cytoskeleton
Nuclear envelope: Microtubules: form the
membrane enclosing mitotic spindle and
the nucleus. Protein-lined maintain cell shape.

pores allow material to
move in and out.

Chromatin: DNA plus —
associated proteins.
Nucleolus:
condensed region
where ribosomes

Centrosome: microtubule-

organizing center.

— Intermediate filaments:
fibrous proteins that hold
organelles in place.

Microfilaments:

fibrous proteins;

are formed. form the cellular
Peroxisome: Pl
metabolizes asma

membrane

waste
Lysosome:
digests food.
Golgi apparatus:
modifies proteins.
Endoplasmic
reticulum Cytoplasm

Rough: associated
with ribosomes;

makes secretory and Vacuole
membrane proteins.
Smooth: makes lipids. =

Mitochondria:
produce energy.

Despite their fundamental similarities, there are some striking differences between animal and
plant cells. Animal cells have centrioles, centrosomes, and lysosomes, whereas plant cells do not.

In addition, plant cells have a cell wall, a large central vacuole, chloroplasts, and other specialized
plastids, whereas animal cells do not. The cell wall protects the cell, provides structural support,
and gives shape to the cell while the central vacuole plays a key role in regulating the cell's
concentration of water in changing environmental conditions. Chloroplasts are the organelles that
carry out photosynthesis.
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Plasmodesmata: Endoplasmic reticulum  Nucleus: contains
channels connect smooth rough chromatin and a
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an animal cell
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cell shape

Plasma
membrane

Cytoplasm
= Ribosomes
Central vacuole:
filled with cell sap
that maintains
pressure against
cell wall

apparatus

Mitochondria

Cytoskeleton:
microtubules
intermediate
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microfilaments of photosynthesis pigments

Peroxisome

Plant cells have a cell wall, chloroplasts, plasmodesmata, and plastids used for storage, and a large
central vacuole, whereas animal cells do not.

4.2 Fungi

4.2.1 Characteristics of Fungi

Fungi are eukaryotes that are responsible for decomposition and nutrient cycling through the
environment. The word fungus comes from the Latin word for mushrooms. Indeed, the familiar
mushroom is a reproductive structure used by many types of fungi. However, there are also many
fungi species that don't produce mushrooms at all. Being eukaryotes, a typical fungal cell contains a
true nucleus and many membrane-bound organelles. The kingdom Fungi includes an enormous
variety of living organisms collectively referred to as Ascomycota, or true Fungi . While scientists
have identified about 100,000 species of fungi, this is only a fraction of the 1.5 million species of
fungus probably present on earth. Edible mushrooms, yeasts, black mould, and the producer of the
antibiotic penicillin, Penicillium notatum, are all members of the kingdom Fungi, which belongs to
the domain Eukarya.
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Fungi, once considered plant-like organisms, are more closely related to animals than plants. Fungi
are not capable of photosynthesis: they are heterotrophic because they use complex organic
compounds as sources of energy and carbon. Some fungal organisms multiply only asexually,
whereas others undergo both asexual reproduction and sexual reproduction with alternation of
generations. Most fungi produce a large number of spores, which are haploid cells that can undergo
mitosis to form multicellular, haploid individuals. Like bacteria, fungi play an essential role in
ecosystems because they are decomposers and participate in the cycling of nutrients by breaking
down organic and inorganic materials to simple molecules.

Fungi often interact with other organisms, forming beneficial or mutualistic associations. For
example most terrestrial plants form symbiotic relationships with fungi. The roots of the plant
connect with the underground parts of the fungus forming mycorrhizae. Through mycorrhizae, the
fungus and plant exchange nutrients and water, greatly aiding the survival of both species
Alternatively, lichens are an association between a fungus and its photosynthetic partner (usually
an alga). Fungi also cause serious infections in plants and animals. For example, Dutch elm disease,
which is caused by the fungus Ophiostoma ulmi, is a particularly devastating type of fungal
infestation that destroys many native species of elm (Ulmus sp.) by infecting the tree's vascular
system. The elm bark beetle acts as a vector, transmitting the disease from tree to tree. Accidentally
introduced in the 1900s, the fungus decimated elm trees across the continent. Many European and
Asiatic elms are less susceptible to Dutch elm disease than American elms.
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In humans, fungal infections are generally considered challenging to treat. Unlike bacteria, fungi do
not respond to traditional antibiotic therapy because they are eukaryotes. Fungal infections may
prove deadly for individuals with compromised immune systems.

Fungi have many commercial applications. The food industry uses yeasts in baking, brewing, and
cheese and wine making. Many industrial compounds are by-products of fungal fermentation. Fungi
are the source of many commercial enzymes and antibiotics.

4.2.2 Fungi Cell Structure and Function

Fungi are unicellular or multicellular thick-cell-walled heterotrophic decomposers that eat decaying
matter and make tangles of filaments.

Fungi are eukaryotes and have a complex cellular organization. As eukaryotes, fungal cells contain a
membrane-bound nucleus where the DNA is wrapped around histone proteins. A few types of fungi
have structures comparable to bacterial plasmids (loops of DNA). Fungal cells also contain
mitochondria and a complex system of internal membranes, including the endoplasmic reticulum

and Golgi apparatus.

Unlike plant cells, fungal cells do not have
chloroplasts or chlorophyll. Many fungi
display bright colors arising from other
cellular pigments, ranging from red to green
to black. The poisonous Amanita muscaria (fly
agaric) is recognizable by its bright red cap
with white patches . Pigments in fungi are
associated with the cell wall. They play a
protective role against ultraviolet radiation
and can be toxic.

The rigid layers of fungal cell walls contain complex polysaccharides called chitin and glucans.
Chitin, also found in the exoskeleton of insects, gives structural strength to the cell walls of fungi.
The wall protects the cell from desiccation and predators. Fungi have plasma membranes similar to
other eukaryotes, except that the structure is stabilized by ergosterol: a steroid molecule that
replaces the cholesterol found in animal cell membranes. Most members of the kingdom Fungi are
nonmotile.

The vegetative body of a fungus is a unicellular or multicellular thallus. Dimorphic fungi can change
from the unicellular to multicellular state depending on environmental conditions. Unicellular fungi
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are generally referred to as yeasts. Saccharomyces cerevisiae (baker's yeast) and Candida species
(the agents of thrush, a common fungal infection) are examples of unicellular fungi.

Candida albicans is a yeast cell
and the agent of candidiasis and
thrush. This organism has a
similar morphology to coccus
bacteria; however, yeast is a
eukaryotic organism (note the
nucleus).

Figure 4.25 Example of a unicellular fungus

Most fungi are multicellular organisms. They display two distinct morphological stages: the
vegetative and reproductive. The vegetative stage consists of a tangle of slender thread-like
structures called hyphae (singular, hypha), whereas the reproductive stage can be more
conspicuous. The mass of hyphae is a mycelium . It can grow on a surface, in soil or decaying
material, in a liquid, or even on living tissue. Although individual hyphae must be observed under a
microscope, the mycelium of a fungus can be very large and don’t need to be viewed with a
microscope The giant Armillaria solidipes (honey mushroom) is considered the largest organism on
Earth, spreading across more than 2,000 acres of underground soil in eastern Oregon; it is estimated
to be at least 2,400 years old.

The mycelium of the fungus
Neotestudina rosati can be
pathogenic to humans. The fungus
enters through a cut or scrape and
develops a mycetoma, a chronic
subcutaneous infection.

Figure 4.26 Example
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Most fungal hyphae are divided into separate cells by septa (singular, septum). In most phyla of
fungi, tiny holes in the septa allow for the rapid flow of nutrients and small molecules from cell to
cell along the hypha. They are described as perforated septa. The hyphae in bread moulds (which
belong to the Phylum Zygomycota) are not separated by septa. Instead, they are formed by large
cells containing many nuclei, an arrangement described as coenocytic hyphae (b). Fungi thrive in
environments that are moist and slightly acidic; they can grow with or without light.

Figure 4.27 Division of hyphae into separate cells

Fungal hyphae may be (a) septated or (b) coenocytic with many nuclei present in a single hypha. A bright field
light micrograph of (c) Phialophora richardsiae shows septa that divide the hyphae.

Like animals, fungi are heterotrophs: they use complex organic compounds as a source of carbon,
rather than fix carbon dioxide from the atmosphere as do some bacteria and most plants. In
addition, fungi do not fix nitrogen from the atmosphere. Like animals, they must obtain it from their
diet. However, unlike most animals, which ingest food and then digest it internally in specialized
organs, fungi perform these steps in the reverse order: digestion precedes ingestion. First,
exoenzymes are transported out of the hyphae, where they process nutrients in the environment.
Then, the smaller molecules produced by this external digestion are absorbed through the large
surface area of the mycelium. As with animal cells, the polysaccharide of storage is glycogen rather
than the starch found in plants.
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Fungi are mostly saprophytes, organisms that derive nutrients from decaying organic matter. They
obtain their nutrients from dead or decomposing organic matter, mainly plant material. Fungal
exoenzymes are able to break down insoluble polysaccharides, such as the cellulose and lignin of
dead wood, into readily absorbable glucose molecules. The carbon, nitrogen, and other elements
are thus released into the environment. Because of their varied metabolic pathways, fungi fulfill an
important ecological role and are being investigated as potential tools in bioremediation.

Some fungi are parasitic, infecting either plants or animals. Smut and Dutch elm disease affect
plants, whereas athlete's foot and candidiasis (thrush) are medically important fungal infections in
humans.

Fungi can reproduce asexually by fragmentation, budding, or producing spores, or sexually with
homothallic or heterothallic mycelia. Fungi reproduce sexually and/or asexually. Perfect fungi
reproduce both sexually and asexually, while imperfect fungi reproduce only asexually (by mitosis).
In both sexual and asexual reproduction, fungi produce spores that disperse from the parent
organism by either floating on the wind or hitching a ride on an animal. Fungal spores are smaller
and lighter than plant seeds. The giant puffball mushroom bursts open and releases trillions of
spores. The huge number of spores released increases the likelihood of landing in an environment

that will support growth .

Asexual Reproduction

Fungi reproduce asexually by fragmentation, budding, or producing spores. Fragments of hyphae
can grow new colonies. Mycelial fragmentation occurs when a fungal mycelium separates into
pieces with each component growing into a separate mycelium. Somatic cells in yeast form buds.
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During budding (a type of cytokinesis), a bulge forms on the side of the cell, the nucleus divides
mitotically, and the bud ultimately detaches itself from the mother cell.

The most common mode of asexual reproduction is through the formation of asexual spores, which
are produced by one parent only (through mitosis) and are genetically identical to that parent.
Spores allow fungi to expand their distribution and colonize new environments. They may be
released from the parent thallus, either outside or within a special reproductive sac called a

sporangium.

Fungi Life Cycle
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Fungi may utilize both asexual and sexual stages of reproduction; sexual reproduction often occurs
in response to adverse environmental conditions.

There are many types of asexual spores. Conidiospores are unicellular or multicellular spores that
are released directly from the tip or side of the hypha. Other asexual spores originate in the
fragmentation of a hypha to form single cells that are released as spores; some of these have a thick
wall surrounding the fragment. Yet others bud off the vegetative parent cell. Sporangiospores are
produced in a sporangium.
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This bright field light micrograph
shows the release of spores from a
sporangium at the end of a hypha
called a sporangiophore. The
organism depicted is a Mucor sp., a
mould often found indoors.

Figure 4.30 Release of spores from a sporangium

Sexual Reproduction

Sexual reproduction introduces genetic variation into a population of fungi. In fungi, sexual
reproduction often occurs in response to adverse environmental conditions. Two mating types are
produced. When both mating types are present in the same mycelium, it is called homothallic, or
self-fertile. Heterothallic mycelia require two different, but compatible, mycelia to reproduce
sexually.

Although there are many variations in fungal sexual reproduction, all include the following three
stages . First, during plasmogamy (literally, "marriage or union of cytoplasm"), two haploid cells
fuse, leading to a dikaryotic stage where two haploid nuclei coexist in a single cell. During
karyogamy ("nuclear marriage"), the haploid nuclei fuse to form a diploid zygote nucleus. Finally,
meiosis takes place in the gametangia (singular, gametangium) organs, in which gametes of
different mating types are generated. At this stage, spores are disseminated into the environment.

4.2.3 Classifications of Fungi

The kingdom Fungi contains five major phyla, which were established according to their mode of
sexual reproduction or use of molecular data.

Chytridiomycota: The Chytrids

Chytrids are the most primitive group of fungi and the only group that possess gametes with
flagella. There is only one class in the Phylum Chytridiomycota, the Chytridiomycetes. The chytrids
are the simplest and most primitive Eumycota, or true fungi. The evolutionary record shows that the
first, recognizable chytrids appeared during the late pre-Cambrian period, more than 500 million
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years ago. Like all fungi, chytrids have chitin in their cell walls, but one group of chytrids has both
cellulose and chitin in the cell wall. Most chytrids are unicellular; a few form multicellular organisms
and hyphae, which have no septa between cells (coenocytic). They reproduce both sexually and
asexually; the asexual spores are called diploid zoospores. Their gametes are the only fungal cells
known to have a flagellum.

The ecological habitat and cell structure of chytrids have
much in common with protists. Chytrids usually live in
aquatic environments, although some species live on land.
Some species thrive as parasites on plants, insects, or
amphibians, while others are saprobes. Some chytrids
cause diseases in many species of amphibians, resulting in
species decline and extinction. An example of a harmful
parasitic chytrid is Batrachochytrium dendrobatidis, which is
known to cause skin disease . Another chytrid species,
Allomyces, is well characterized as an experimental
organism. Its reproductive cycle includes both asexual and
sexual phases. Allomyces produces diploid or haploid
flagellated zoospores in a sporangium.

The chytrid Batrachochytrium dendrobatidis is seen in these

light micrographs as transparent spheres growing on (a) a
freshwater arthropod and (b) algae. This chytrid causes skin

Figure 4.31 Parasitic chytrids

diseases in many species of amphibians, resulting in species
decline and extinction.

Zygomycota: The Conjugated Fungi

Zygomycota, a small group in the fungi kingdom, can reproduce asexually or sexually, in a process
called conjugation. The zygomycetes are a relatively small group in the fungi kingdom and belong
to the Phylum Zygomycota. They include the familiar bread mould, Rhizopus stolonifer, which
rapidly propagates on the surfaces of breads, fruits, and vegetables. They are mostly terrestrial in
habitat, living in soil or on plants and animals. Most species are saprobes meaning they live off
decaying organic material. Some are parasites of plants, insects, and small animals, while others
form symbiotic relationships with plants. Zygomycetes play a considerable commercial role. The
metabolic products of other species of Rhizopus are intermediates in the synthesis of semi-synthetic
steroid hormones.

Zygomycetes have a thallus of coenocytic hyphae in which the nuclei are haploid when the
organism is in the vegetative stage. The fungi usually reproduce asexually by producing
sporangiospores . The black tips of bread mould, Rhizopus stolonifer, are the swollen sporangia
packed with black spores . When spores land on a suitable substrate, they germinate and produce a
new mycelium.
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Zygomycetes have asexual and sexual life cycles. In the sexual life cycle, plus and minus mating
types conjugate to form a zygosporangium.

Sexual reproduction starts when conditions become unfavourable. Two opposing mating strains
(type + and type -) must be in close proximity for gametangia (singular: gametangium) from the
hyphae to be produced and fuse, leading to karyogamy . The developing diploid zygospores have
thick coats that protect them from desiccation and other hazards. They may remain dormant until
environmental conditions become favorable. When the zygospore germinates, it undergoes meiosis
and produces haploid spores, which will, in turn, grow into a new organism. This form of sexual
reproduction in fungi is called conjugation (although it differs markedly from conjugation in
bacteria and protists), giving rise to the name "conjugated fungi".

Ascomycota: The Sac Fungi

Most fungi belong to the Phylum Ascomycota, which uniquely forms of an ascus, a sac-like structure
that contains haploid ascospores.

The majority of known fungi belong to the Phylum Ascomycota, which is characterized by the
formation of an ascus (plural, asci), a sac-like structure that contains haploid ascospores. Many
ascomycetes are of commercial importance. Some play a beneficial role, such as the yeasts used in
baking, brewing, and wine fermentation, plus truffles and morels, which are held as gourmet
delicacies. Aspergillus oryzae is used in the fermentation of rice to produce sake. Other ascomycetes
parasitize plants and animals, including humans. For example, fungal pneumonia poses a
significant threat to AIDS patients who have a compromised immune system. Ascomycetes not only
infest and destroy crops directly, they also produce poisonous secondary metabolites that make
crops unfit for consumption. Filamentous ascomycetes produce hyphae divided by perforated
septa, allowing streaming of cytoplasm from one cell to the other. Conidia and asci, which are used
respectively for asexual and sexual reproductions, are usually separated from the vegetative hyphae
by blocked (non-perforated) septa.

Asexual reproduction is frequent and involves the production of conidiophores that release haploid
conidiospores. Sexual reproduction starts with the development of special hyphae from either one
of two types of mating strains . The "male" strain produces an antheridium (plural: antheridia) and
the "female" strain develops an ascogonium (plural: ascogonia).
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At fertilization, the antheridium and the ascogonium
combine in plasmogamy without nuclear fusion.
Special ascogenous hyphae arise, in which pairs of
nuclei migrate: one from the "male" strain and one
from the "female" strain. In each ascus, two or more
haploid ascospores fuse their nuclei in karyogamy.
During sexual reproduction, thousands of asci fill a

- &
'. Ascus

fruiting body called the ascocarp. The diploid nucleus -
gives rise to haploid nuclei by meiosis. The ascospores s
are then released, germinate, and form hyphae that f . ’_,;

are disseminated in the environment and start new
mycelia.

The bright field light micrograph shows ascospores
being released from asci in the fungus Talaromyces
flavus var. flavus.
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The lifecycle of an ascomycete is characterized by the production of asci during the sexual phase.
The haploid phase is the predominant phase of the life cycle.

Basidiomycota: The Club Fungi

The basidiomycota are mushroom-producing fungi with developing, club-shaped fruiting bodies
called basidia on the gills under its cap.

The fungi in the Phylum Basidiomycota are easily recognizable under a light microscope by their
club-shaped fruiting bodies called basidia (singular, basidium), which are the swollen terminal cell
of a hypha. The basidia, which are the reproductive organs of these fungi, are often contained within
the familiar mushroom, commonly seen in fields after rain, on the supermarket shelves, and
growing on your lawn . These mushroom-producing basidiomycetes are sometimes referred to as
"gill fungi" because of the presence of gill-like structures on the underside of the cap. The "gills" are
actually compacted hyphae on which the basidia are borne. This group also includes shelf fungus,
which cling to the bark of trees like small shelves. In addition, the basidiomycota includes smuts
and rusts, which are important plant pathogens, and toadstools. Most edible fungi belong to the
Phylum Basidiomycota; however, some basidiomycetes produce deadly toxins. For example,
Cryptococcus neoformans causes severe respiratory illness.

The lifecycle of basidiomycetes includes alternation of generations . Spores are generally produced
through sexual reproduction, rather than asexual reproduction. The club-shaped basidium carries
spores called basidiospores. In the basidium, nuclei of two different mating strains fuse
(karyogamy), giving rise to a diploid zygote that then undergoes meiosis. The haploid nuclei migrate
into basidiospores, which germinate and generate monokaryotic hyphae. The mycelium that results
is called a primary mycelium. Mycelia of different mating strains can combine and produce a
secondary mycelium that contains haploid nuclei of two different mating strains. This is the
dikaryotic stage of the basidiomycetes lifecycle and it is the dominant stage. Eventually, the
secondary mycelium generates a basidiocarp, which is a fruiting body that protrudes from the
ground; this is what we think of as a mushroom. The basidiocarp bears the developing basidia on
the gills under its cap.
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Basidiomycete Life Cycle
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The lifecycle of a basidiomycete alternates generation with a prolonged stage in which two nuclei
(dikaryon) are present in the hyphae.

Deuteromycota: The Imperfect Fungi

Phylum Deuteromycota is a polyphyletic group of asexually reproducing fungi that do not display a
sexual phase; they are known as imperfect.

Imperfect fungi are those that do not display a sexual phase. They are classified as belonging to the
form Phylum Deuteromycota. Deuteromycota is a polyphyletic group where many species are more
closely related to organisms in other phyla than to each other; hence it cannot be called a true
phylum and must, instead, be given the name form phylum. Since they do not possess the sexual
structures that are used to classify other fungi, they are less well described in comparison to other
divisions. Most members live on land, with a few aquatic exceptions. They form visible mycelia with
a fuzzy appearance and are commonly known as mould. Molecular analysis shows that the closest
group to the deuteromycetes is the ascomycetes. In fact, some species, such as Aspergillus sp,
which were once classified as imperfect fungi, are now classified as ascomycetes.
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Reproduction of Deuteromycota is strictly
asexual, occurring mainly by production
of asexual conidiospores . Some hyphae
may recombine and form heterokaryotic
hyphae. Genetic recombination is known
to take place between the different nuclei.

Aspergillus niger is commonly found as a
food contaminant. The spherical structure
in this light micrograph is a conidiophore.

Figure 4.37 Example of an Fungi Imperfecti

Imperfect fungi have a large impact on everyday human life. The food industry relies on them for
ripening some cheeses. The blue veins in Roquefort cheese and the white crust on Camembert are
the result of fungal growth. The antibiotic penicillin was originally discovered on an overgrown Petri
plate on which a colony of Penicillium fungi killed the bacterial growth surrounding it. Many
imperfect fungi cause serious diseases, either directly as parasites (which infect both plants and
humans), or as producers of potent toxic compounds, as seen in the aflatoxins released by fungi of
the genus Aspergillus.

Glomeromycota

Glomeromycetes are an important group of fungi that live in close symbiotic association with the
roots of trees and plants.

In the kingdom Fungi, the Glomeromycota is a newly established phylum comprised of about 230
species that live in close association with the roots of trees and plants. Fossil records indicate that
trees and their root symbionts share a long evolutionary history. It appears that most members of
this family form arbuscular mycorrhizae: the hyphae interact with the root cells forming a mutually-
beneficial association where the plants supply the carbon source and energy in the form of
carbohydrates to the fungus while the fungus supplies essential minerals from the soil to the plant.
This association is termed bio trophic . The Glomeromycota species that have arbuscular
mycorrhizal are terrestrial and widely distributed in soils worldwide where they form symbioses
with the roots of the majority of plant species. They can also be found in wetlands, including salt
marshes, and are associated with epiphytic plants.
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This image illustrates the bio trophic
relationship between a
glomeromycota (Gigaspora
margarita) and the roots of a plant
(Lotus corniculatus).

The Glomeromycetes do not reproduce sexually and cannot survive without the presence of plant
roots. They have coenocytic hyphae and reproduce asexually, producing glomerospores. The
biochemical and genetic characterization of the Glomeromycota has been hindered by their bio
trophic nature, which impedes laboratory culturing. This obstacle was eventually surpassed with
the use of root cultures. With the advent of molecular techniques, such as gene sequencing, the
phylogenetic classification of Glomeromycota has become clearer. The first mycorrhizal gene to be
sequenced was the small-subunit ribosomal RNA (SSU rRNA). This gene is highly conserved and
commonly used in phylogenetic studies so it was isolated from spores of each taxonomic group.
Using a molecular clock approach based on the substitution rates of SSU sequences, scientists were
able to estimate the time of divergence of the fungi. This analysis shows that all glomeromycetes
probably descended from a common ancestor 462 and 353 million years ago, making them a
monophyletic lineage. A long-held theory is that Glomeromycota were instrumental in the
colonization of land by plants.

4.2.4 Fungi as Plant, Animal, and Human Pathogens

From crop and food spoilage to severe infections in animal species, fungal parasites and pathogens
are widespread and difficult to treat. The production of sufficient good-quality crops is essential to
human existence. Plant diseases have ruined crops, bringing widespread famine. Many plant
pathogens are fungi that cause tissue decay and eventual death of the host . In addition to
destroying plant tissue directly, some plant pathogens spoil crops by producing potent toxins. Fungi
are also responsible for food spoilage and the rotting of stored crops. For example, the fungus
Claviceps purpurea causes ergot, a disease of cereal crops (especially of rye). Although the fungus
reduces the yield of cereals, the effects of the ergot alkaloid toxins on humans and animals are of
much greater significance. In animals, the disease is referred to as ergotism. The most common
signs and symptoms are convulsions, hallucinations, gangrene, and loss of milk in cattle. The active
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ingredient of ergot is lysergic acid, which is a precursor of the drug LSD. Smuts, rusts, and powdery
or downy mildew are other examples of common fungal pathogens that affect crops.

Aflatoxins are toxic, carcinogenic compounds released by fungi of the genus Aspergillus.
Periodically, harvests of nuts and grains are tainted by aflatoxins, leading to massive recall of
produce. This sometimes ruins producers and causes food shortages in developing countries.

Fungi can affect animals, including humans, in several ways. A mycosis is a fungal disease that
results from infection and direct damage. Fungi attack animals directly by colonizing and destroying
tissues. Mycotoxicosis is the poisoning of humans (and other animals) by foods contaminated by
fungal toxins (mycotoxins). Mycetismus describes the ingestion of preformed toxins in poisonous
mushrooms. In addition, individuals who display hypersensitivity to moulds and spores develop
strong and dangerous allergic reactions. Fungal infections are generally very difficult to treat
because, unlike bacteria, fungi are eukaryotes. Antibiotics only target prokaryotic cells, whereas
compounds that kill fungi also harm the eukaryotic animal host.
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Many fungal infections are superficial; that is, they occur on the animal's skin. Termed cutaneous
("skin") mycoses, they can have devastating effects. For example, the decline of the world's frog
population in recent years may be caused by the fungus Batrachochytrium dendrobatidis, which
infects the skin of frogs and presumably interferes with gaseous exchange. Similarly, more than a
million bats in the United States have been killed by white-nose syndrome, which appears as a
white ring around the mouth of the bat. It is caused by the cold-loving fungus Geomyces destructans,
which disseminates its deadly spores in caves where bats hibernate. Mycologists are researching the
transmission, mechanism, and control of G. destructans to stop its spread.

Fungi that cause the superficial mycoses of the epidermis, hair, and nails rarely spread to the
underlying tissue. Dermatophytes are also called "ringworms" because of the red ring they cause on
skin. They secrete extracellular enzymes that break down keratin (a protein found in hair, skin, and
nails), causing conditions such as athlete's foot and jock itch. These conditions are usually treated
with over-the-counter topical creams and powders; they are easily cleared. More persistent
superficial mycoses may require prescription oral medications.
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Figure 4.40 Mycosis infection

(a) Ringworm presents as a red ring on skin; (b) Trichophyton violaceum, shown in this bright field light
micrograph, causes superficial mycoses on the scalp; (c) Histoplasma capsulatum is an ascomycete that
infects airways and causes symptoms similar to influenza.

Systemic mycoses spread to internal organs, most commonly entering the body through the
respiratory system. For example, coccidioidomycosis (valley fever) is commonly found in the
southwestern United States where the fungus resides in the dust. Once inhaled, the spores develop
in the lungs and cause symptoms similar to those of tuberculosis. Histoplasmosis is caused by the
dimorphic fungus Histoplasma capsulatum. It also causes pulmonary infections. In rare cases, it
causes swelling of the membranes of the brain and spinal cord. Treatment of these and many other
fungal diseases requires the use of antifungal medications that have serious side effects.
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Opportunistic mycoses are fungal infections that are either common in all environments or are part
of the normal biota. They mainly affect individuals who have a compromised immune system.
Patients in the late stages of AIDS suffer from opportunistic mycoses that can be life threatening.
The yeast Candida sp., a common member of the natural biota, can grow unchecked and infect the
vagina or mouth (oral thrush) if the pH of the surrounding environment, the person's immune
defenses, or the normal population of bacteria are altered.

Mycetismus can occur when poisonous mushrooms are eaten. It causes a number of human
fatalities during mushroom-picking season. Many edible fruiting bodies of fungi resemble highly-
poisonous relatives. Amateur mushroom hunters are cautioned to carefully inspect their harvest
and avoid eating mushrooms of doubtful origin.

4.2.5 Beneficial Roles of Fungi

Although we often think of fungi as organisms that cause disease and rot food, fungi are important
to human life on many levels. They influence the well being of human populations on a large scale
because they are part of the nutrient cycle in ecosystems. They also have other ecosystem uses,
such as pesticides.

Fungi figure prominently in the human diet. Morels, shiitake mushrooms, chanterelles, and truffles
are considered delicacies . The meadow mushroom, Agaricus campestris, appears in many dishes.
Moulds of the genus Penicillium ripen many cheeses. They originate in the natural environment
such as the caves of Roquefort, France, where wheels of sheep milk cheese are stacked to capture
the moulds responsible for the blue veins and pungent taste of the cheese.

Fermentation of grains to produce beer and of fruits to produce wine is an ancient art that humans
in most cultures have practiced for millennia. Ancient humans acquired wild yeasts from the
environment and used them to ferment sugars into CO, and ethanol under anaerobic conditions. It
is now possible to purchase isolated strains of wild yeasts from different winemaking regions. Louis
Pasteur was instrumental in developing a reliable strain of brewer's yeast, Saccharomyces
cerevisiae, for the French brewing industry in the late 1850s.
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The yeast Saccharomyces cerevisiae is
approximately 5 pm in diameter and is important
for the production of wine, beer, and bread. The
yeast also has many applications in medical
research.

S. cerevisiae, also known as baker's yeast, is an
important ingredient in bread, a food that has been
considered a staple of human life for thousands of
years. Before isolated yeast became available in
modern times, humans simply let the dough collect
yeast from the air and rise over a period of hours or

days. A small piece of this leavened dough was Figure 4.41 Saccharomyces cerevisiae
saved and used as a starter (source of the same

yeast) for the next batch, much in the same way

sourdough bread is made today.

Many secondary metabolites of fungi are of great commercial importance. Fungi naturally produce
antibiotics to kill or inhibit the growth of bacteria, limiting their competition in the natural
environment. Important antibiotics, such as penicillin and the cephalosporins, can be isolated from
fungi. Valuable drugs isolated from fungi include the immunosuppressant drug cyclosporine (which
reduces the risk of rejection after organ transplant), the precursors of steroid hormones, and ergot
alkaloids used to stop bleeding. Psilocybin is a compound found in fungi such as Psilocybe
semilanceata and Gymnopilus junonius, which have been used for their hallucinogenic properties by
various cultures for thousands of years.

As simple eukaryotic organisms, fungi are important model research organisms. Many advances in
modern genetics were achieved by the use of the red bread mould Neurospora crassa. Additionally,
many important genes originally discovered in S. cerevisiae served as a starting point in discovering
analogous human genes. As a eukaryotic organism, the yeast cell produces and modifies proteins in
a manner similar to human cells, as opposed to the bacterium Escherichia coli, which lacks the
internal membrane structures and enzymes to tag proteins for export. This makes yeast a much
better organism for use in recombinant DNA technology experiments. Like bacteria, yeasts grow
easily in culture, have a short generation time, and are amenable to genetic modification.
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4.3 Protists

4.3.1 Characteristics of Protists

Protists are eukaryotes that first appeared approximately 2 billion years ago with the rise of
atmospheric oxygen levels.

Most protists are microscopic, unicellular organisms that are abundant in soil, freshwater, brackish,
and marine environments. They are also common in the digestive tracts of animals and in the
vascular tissues of plants. Others invade the cells of other protists, animals, and plants. Not all
protists are microscopic. Some have huge, macroscopic cells, such as the plasmodia (giant
amoebae) of myxomycete slime moulds or the marine green alga Caulerpa, which can have single
cells that can be several meters in size. Some protists are multicellular, such as the red, green, and
brown seaweeds. It is among the protists that one finds the wealth of ways that organisms can
grow. They are among the first organisms to evolve with the rise of eukaryotes.

The oldest fossil evidence of eukaryotes, cells measuring 10 pm or greater, is about 2 billion years
old. All fossils older than this appear to be prokaryotes. It is probable that today's eukaryotes are
descended from an ancestor that had a prokaryotic cellular organization. The last common
ancestor (LCA) of today's Eukarya had several characteristics that included: cells with nuclei that
divide mitotically and contained linear chromosomes where the DNA was associated with histones;
a cytoskeleton and endomembrane system; and the ability to make cilia/flagella during at least part
of its life cycle. The LCA was aerobic because it had mitochondria that were the result of an aerobic
o -proteobacterium that lived inside a host cell. Whether this host had a nucleus at the time of the
initial symbiosis remains unknown. The LCA may have had a cell wall for at least part of its life cycle,
but more data are needed to confirm this hypothesis. Today's eukaryotes are very diverse in their
shapes, organization, life cycles, and number of cells per individual. Recall that the first fossils that
we believe to be eukaryotes date to about 2 billion years old, so they appeared as oxygen levels
were increasing.
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Prokaryotic cells are known to be much less complex than eukaryotic cells since eukaryotic cells are
considered to be present at a later point of evolution. It is probable that eukaryotic cells evolved
from prokaryotic cells. Differences in complexity can be seen at the cellular level.

The single characteristic that is both necessary and sufficient to define an organism as a eukaryote
is a nucleus surrounded by a nuclear envelope with nuclear pores. Most of a eukaryotic cell's genetic
material is contained within the nucleus. In contrast, prokaryotic DNA is not contained within a
nucleus, but rather is attached to the plasma membrane and contained in the form of a nucleoid, an
irregularly shaped region that is not surrounded by a nuclear membrane.

Eukaryote Prokaryote
Membrane- Mitochondrion
enclosed nucleus Mucleaid Capsule

MNu cleolu {some prokaryotes)

Flagellum

Cell Wall
(in some eukaryotes)
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Figure 4.43 Cellular location of eukaryotic and prokaryotic DNA

Eukaryotic DNA is stored in a nucleus, whereas prokaryotic DNA is in the cytoplasm in the form of a nucleoid.

Eukaryotic DNA is packed into bundles of chromosomes, each consisting of a linear DNA molecule
coiled around basic (alkaline) proteins called histones, which wind the DNA into a more compact
form. Prokaryotic DNA is found in circular, non-chromosomal form. In addition, prokaryotes have
plasmids, which are smaller pieces of circular DNA that can replicate separately from prokaryotic
genomic DNA. Because of the linear nature of eukaryotic DNA, repeating non-coding DNA sequences
called telomeres are present on either end of the chromosomes as protection from deterioration.

Mitosis, a process of nuclear division wherein replicated chromosomes are divided and separated
using elements of the cytoskeleton, is universally present in eukaryotes. The cytoskeleton contains
structural and motility components called actin microfilaments and microtubules. All extant
eukaryotes have these cytoskeletal elements. Prokaryotes on the other hand undergo binary fission
in a process where the DNA is replicated, then separates to two poles of the cell, and, finally, the cell
fully divides.

A major DNA difference between eukaryotes and prokaryotes is the presence of mitochondrial DNA
(mtDNA) in eukaryotes. Because eukaryotes have mitochondria and prokaryotes do not, eukaryotic
cells contain mitochondrial DNA in addition to DNA contained in the nucleus and ribosomes. The
mtDNA is composed of significantly fewer base pairs than nuclear DNA and encodes only a few
dozen genes, depending on the organism.

4.3.2 Endosymbiosis and the Evolution of Eukaryotes

Eukaryotes may have been a product of one cell engulfing another and evolving over time until the
separate cells became a single organism. To fully understand eukaryotic organisms, it is necessary
to understand that all extant eukaryotes are descendants of a chimeric organism that was a
composite of a host cell and the cell(s) of an alpha-proteobacterium that "took up residence" inside
the host. This major theme in the origin of eukaryotes is known as endosymbiosis, where one cell
engulfs another such that the engulfed cell survives and both cells benefit . Over many generations,
a symbiotic relationship can result in two organisms that depend on each other so completely that
neither could survive on its own. Endosymbiotic events probably contributed to the origin of the last
common ancestor (LCA) of today's eukaryotes.
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Figure 4.44 Endosymbiosis

Modern eukaryotic Cells evolved from more primitive cells that engulfed bacteria with useful properties, such
as energy production. Combined, the once-independent organisms flourished and evolved into a single
organism.

Endosymbiotic Theory

The Russian botanist Konstantin Mereschkowski first articulated the endosymbiotic theory in 1905.
Mereschkowski was familiar with work by botanist Andreas Schimper, who had observed in 1883
that the division of chloroplasts in green plants closely resembled that of free-living cyanobacteria.
Schimper had tentatively proposed that green plants arose from a symbiotic union of two
organisms. Ivan Wallin extended the idea of an endosymbiotic origin to mitochondria in the 1920s.
These theories were initially dismissed or ignored. More detailed electron microscopic comparisons
between cyanobacteria and chloroplasts combined with the discovery that plastids (organelles
associated with photosynthesis) and mitochondria contain their own DNA led to a resurrection of
the idea in the 1960s. The endosymbiotic theory was advanced and substantiated with
microbiological evidence by Lynn Margulis in 1967 .

In 1981 she argued that eukaryotic cells originated as communities of interacting entities, including
endosymbiotic spirochetes that developed into eukaryotic flagella and cilia. This last idea has not
received much acceptance because flagella lack DNA and do not show ultra structural similarities to
bacteria or archaea. According to Margulis and Dorion Sagan, "Life did not take over the globe by
combat, but by networking" (i.e., by cooperation). The possibility that the peroxisome organelles
may have an endosymbiotic origin has also been considered, although they lack DNA. Christian de
Duve proposed that they might have been the first endosymbionts, allowing cells to withstand
growing amounts of free molecular oxygen in the earth's atmosphere. However, it now appears that
they may be formed de novo, contradicting the idea that they have a symbiotic origin.

Itis believed that over millennia these endosymbionts transferred some of their own DNA to the
host cell's nucleus during the evolutionary transition from a symbiotic community to an instituted
eukaryotic cell (called "serial endosymbiosis"). This hypothesis is thought to be possible because it
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is known today from scientific observation that transfer of DNA occurs between bacteria species,
even if they are not closely related. Bacteria can take up DNA from their surroundings and have a
limited ability to incorporate it into their own genome.

The Evolution of Mitochondria

Mitochondria are energy-producing organelles that are thought to have once been a type of free-
living alpha-proteobacterium.

One of the major features distinguishing prokaryotes from eukaryotes is the presence of
mitochondria. Eukaryotic cells contain anywhere from one to several thousand mitochondria,
depending on the cell's level of energy consumption. Each mitochondrion measures between 1 to
10 ym in length and exists in the cell as an organelle that can be ovoid to worm-shaped to intricately
branched. Mitochondria arise from the division of existing mitochondria. They may fuse together.
They move around inside the cell by interactions with the cytoskeleton. However, mitochondria
cannot survive outside the cell. As the amount of oxygen increased in the atmosphere billions of
years ago and as successful aerobic prokaryotes evolved, evidence suggests that an ancestral cell
with some membrane compartmentalization engulfed a free-living aerobic prokaryote, specifically
an alpha-proteobacterium, thereby giving the host cell the ability to use oxygen to release energy
stored in nutrients. Alphaproteobacteria are a large group of bacteria that includes species
symbiotic with plants, disease organisms that can infect humans via ticks, and many free-living
species that use light for energy. Several lines of evidence support the derivation of mitochondria
from this endosymbiotic event. Most mitochondria are shaped like alpha-proteobacteria and are
surrounded by two membranes, which would result when one membrane-bound organism engulfs
another into a vacuole. The mitochondrial inner membrane involves substantial infoldings called
cristae that resemble the textured, outer surface of a-proteobacteria . The matrix and inner
membrane are rich with enzymes necessary for aerobic respiration.

In this transmission electron micrograph of
mitochondria in a mammalian lung cell, the
cristae, infoldings of the mitochondrial inner
membrane, can be seen in cross-section.

Figure 4.45 Micrograph of mammalian mitochondria

Mitochondria divide independently by a process that resembles binary fission in prokaryotes.
Specifically, mitochondria are not formed de novo by the eukaryotic cell; they reproduce within the

Chapter 4 4-46



http://creativecommons.org/licenses/by-sa/4.0/

cell and are distributed between two cells when cells divide. Therefore, although these organelles
are highly integrated into the eukaryotic cell, they still reproduce as if they are independent
organisms within the cell. However, their reproduction is synchronized with the activity and division
of the cell. Mitochondria have their own circular DNA chromosome that is stabilized by attachments
to the inner membrane and carries genes similar to genes expressed by a-proteobacteria.
Mitochondria also have special ribosomes and transfer RNAs that resemble these componentsin
prokaryotes. These features all support that mitochondria were once free-living prokaryotes.

Mitochondrial Genes

Mitochondria that carry out aerobic respiration have their own genomes, with genes similar to those
in alpha-proteobacteria. However, many of the genes for respiratory proteins are located in the
nucleus. When these genes are compared to those of other organisms, they appear to be of a-
proteobacterial origin. Additionally, in some eukaryotic groups, such genes are found in the
mitochondria, whereas in other groups, they are found in the nucleus. This has been interpreted as
evidence that genes have been transferred from the endosymbiont chromosome to the host
genome. This loss of genes by the endosymbiont is probably one explanation why mitochondria
cannot live without a host.

Despite the transfer of genes between mitochondria and the nucleus, mitochondria retain much of
their own independent genetic material. One possible explanation for mitochondria retaining
control over some genes is that it may be difficult to transport hydrophobic proteins across the
mitochondrial membrane as well as ensure that they are shipped to the correct location, which
suggests that these proteins must be produced within the mitochondria. Another possible
explanation is that there are differences in codon usage between the nucleus and mitochondria,
making it difficult to be able to fully transfer the genes. A third possible explanation is that
mitochondria need to produce their own genetic material so as to ensure metabolic control in
eukaryotic cells, which indicates that mtDNA directly influences the respiratory chain and the
reduction/oxidation processes of the mitochondria.

4.3.3 Protist Cell Structure, Metabolism, and Motility

Protists are an incredibly diverse set of eukaryotes of various sizes, cell structures, metabolisms,
and methods of motility.

The cells of protists are among the most elaborate and diverse of all cells. Most protists are
microscopic and unicellular, but some true multicellular forms exist. A few protists live as colonies
that behave in some ways as a group of free-living cells and in other ways as a multicellular
organism. Still other protists are composed of enormous, multinucleate, single cells that look like
amorphous blobs of slime, or in other cases, similar to ferns. Many protist cells are multinucleated;
in some species, the nuclei are different sizes and have distinct roles in protist cell function.
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Single protist cells range in size from less than a micrometer to thousands of square meters (giant
kelp). In some protists, glassy silica-based shells or pellicles of interlocking protein strips encase the
cells. The pellicle functions like a flexible coat of armour, preventing the protist from external
damage without compromising its range of motion.

Protists exhibit many forms of nutrition and may be aerobic or anaerobic. Protists that store energy
by photosynthesis belong to a group of photoautotrophs and are characterized by the presence of
chloroplasts. Other protists are heterotrophic and consume organic materials (such as other
organisms) to obtain nutrition. Amoebas and some other heterotrophic protist species ingest
particles by a process called phagocytosis in which the cell membrane engulfs a food particle and
brings it inward, pinching off an intracellular membranous sac, or vesicle, called a food vacuole .
The vesicle containing the ingested particle, the phagosome, then fuses with a lysosome containing
hydrolytic enzymes to produce a phagolysosome, which breaks down the food particle into small
molecules that diffuse into the cytoplasm for use in cellular metabolism. Undigested remains
ultimately exit the cell via exocytosis.

Subtypes of heterotrophs, called saprobes, absorb nutrients from dead organisms or their organic
wastes. Some protists function as mixotrophs, obtaining nutrition by photoautotrophic or
heterotrophic routes, depending on whether sunlight or organic nutrients are available.

The majority of protists are motile, but different types of protists have evolved varied modes of
movement . Protists such as euglena have one or more flagella, which they rotate or whip to
generate movement. Paramecia are covered in rows of tiny cilia that they beat to swim through
liquids. Other protists, such at amoebae, form cytoplasmic extensions called pseudopodia
anywhere on the cell, anchor the pseudopodia to a surface, and pull themselves forward. Some
protists can move toward or away from a stimulus; a movement referred to as taxis. Protists
accomplish phototaxis, movement toward light, by coupling their locomotion strategy with a light-
sensing organ.

Paramecium Amoeba Euglena

Pseudopod Flagellum

@ (b) (©
Figure 4.46 Different types of motility in protists

Protists use various methods for transportation. (a) A paramecium waves hair-like appendages called cilia. (b)
An amoeba uses lobe-like pseudopodia to anchor itself to a solid surface and pull itself forward. (c) Euglena
uses a whip-like tail called a flagellum.
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4.3.4 Protist Life Cycles and Habitats

Protists live in a wide variety of habitats, including most bodies of water, as parasites in both plants
and animals, and on dead organisms.

Life Cycle of Slime Moulds

Protist life cycles range from simple to extremely elaborate. Certain parasitic protists have
complicated life cycles and must infect different host species at different developmental stages to
complete their life cycle. Some protists are unicellular in the haploid form and multicellular in the
diploid form, which is a strategy also employed by animals. Other protists have multicellular stages
in both haploid and diploid forms, a strategy called alternation of generations that is also used by
plants.

Plasmodial slime moulds

The slime moulds are categorized on the basis of their life cycles into plasmodial or cellular types.
Plasmodial slime moulds are composed of large, multinucleate cells and move along surfaces like
an amorphous blob of slime during their feeding stage . The slime mould glides along, lifting and
engulfing food particles, especially bacteria. Upon maturation, the plasmodium takes on a net-like
appearance with the ability to form fruiting bodies, or sporangia, during times of stress. Meiosis
produces haploid spores within the sporangia. Spores disseminate through the air or water to
potentially land in more favorable environments. If this occurs, the spores germinate to form
amoeboid or flagellate haploid cells that can combine with each other and produce a diploid
zygotic slime mould to complete the life cycle.
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Plasmodial Slime Mold Life Cycle
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Haploid spores develop into amoeboid or flagellated forms, which are then fertilized to form a
diploid, multinucleate mass called a plasmodium. This plasmodium is net-like and, upon
maturation, forms a sporangium on top of a stalk. The sporangium forms haploid spores through
meiosis, after which the spores disseminate, germinate, and begin the life cycle anew. The brightly
colored plasmodium in the inset photo is a single-celled, multinucleate mass.

Cellular slime moulds

The cellular slime moulds function as independent amoeboid cells when nutrients are abundant .
When food is depleted, cellular slime moulds aggregate into a mass of cells that behaves as a single
unit called a slug. Some cells in the slug contribute to a 2-3-millimeter stalk, which dries up and dies
in the process. Cells atop the stalk form an asexual fruiting body that contains haploid spores. As
with plasmodial slime moulds, the spores are disseminated and can germinate if they land in a
moist environment. One representative genus of the cellular slime moulds is Dictyostelium, which
commonly exists in the damp soil of forests.
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Cellular slime moulds may engage in two forms of life cycles: as solitary amoebas when nutrients
are abundant or as aggregated amoebas (inset photo) when nutrients are scarce. In aggregate form,
some individuals contribute to the formation of a stalk, on top of which sits a fruiting body full of
spores that disseminate and germinate in the proper moist environment.

4.3.5 Habitats of Various Protists

There are over 100,000 described living species of protists. Nearly all protists exist in some type of
aquatic environment, including freshwater and marine environments, damp soil, and even snow.
Paramecia are a common example of aquatic protists. Due to their abundance and ease of use as
research organisms, they are often subjects of study in classrooms and laboratories. In addition to
aquatic protists, several protist species are parasites that infect animals or plants and, therefore,
live in their hosts. Amoebas can be human parasites and can cause dysentery while inhabiting the
small intestine. Other protist species live on dead organisms or their wastes and contribute to their
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decay. Approximately 1000 species of slime mould thrive on bacteria and fungi within rotting trees
and other plants in forests around the world, contributing to the life cycle of these ecosystems.

4.3.6 Groups of Protists
Excavata

Excavata, defined by a feeding groove that is "excavated" from one side, includes Diplomonads,
Parabasalids and Euglenozoans. Many of the protist species classified into the super group
Excavata are asymmetrical, single-celled organisms with a feeding groove "excavated" from one
side. This super group includes heterotrophic predators, photosynthetic species, and parasites. Its
subgroups are the diplomonads, parabasalids, and euglenozoans.

Diplomonads

Among the Excavata are the diplomonads, which include the
intestinal parasite, Giardia lamblia. Until recently, these protists
were believed to lack mitochondria. Mitochondrial remnant
organelles, called mitosomes, have since been identified in
diplomonads, but these mitosomes are essentially nonfunctional.
Diplomonads exist in anaerobic environments and use alternative
pathways, such as glycolysis, to generate energy. Each diplomonad

2um

cell has two identical nuclei and uses several flagella for
locomotion.

The mammalian intestinal parasite Giardia lamblia, visualized here
using scanning electron microscopy, is a waterborne protist that
causes severe diarrhoea when ingested.

Parabasalids

A second Excavata subgroup, the Parabasalids, also exhibits semi-functional mitochondria. In
parabasalids, these structures function anaerobically and are called hydrogenosomes because they
produce hydrogen gas as a byproduct. Parabasalids move with flagella and membrane rippling.
Trichomonas vaginalis, a parabasalid that causes a sexually transmitted disease in humans,
employs these mechanisms to transit through the male and female urogenital tracts. T. vaginalis
causes trichomoniasis, which appears in an estimated 180 million cases worldwide each year.
Whereas men rarely exhibit symptoms during an infection with this protist, infected women may
become more susceptible to secondary infection with human immunodeficiency virus (HIV) or
genital wart virus infection, which causes over 90% of cervical cancer. Pregnant women infected
with T. vaginalis are at an increased risk of serious complications, such as preterm delivery.
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Euglenozoans

Euglenozoans includes parasites, heterotrophs, autotrophs, and mixotrophs, ranging in size from 10
to 500 um. Euglenoids move through their aquatic habitats using two long flagella that guide them
toward light sources sensed by a primitive ocular organ called an eyespot. The familiar genus,
Euglena, encompasses some mixotrophic species that display a photosynthetic capability only
when light is present. In the dark, the chloroplasts of Euglena shrink up and temporarily cease
functioning; the cells, instead, take up organic nutrients from their environment.

Chromalveolata: Alveolates

Alveolates are defined by the presence of an
alveolus beneath the cell membrane and
include dinoflagellates, apicomplexans and
ciliates.

The dinoflagellates exhibit great diversity in
shape. Many are encased in cellulose armour
and have two flagella that fit in grooves
between the plates. Movement of these two
perpendicular flagella causes a spinning
motion.

Figure 4.50 Dinoflagellates

Some dinoflagellates generate light, called bioluminescence, when they are jarred or stressed.

Large numbers of marine dinoflagellates (billions or trillions of cells per wave) can emit light and
cause an entire breaking wave to twinkle or take on a brilliant blue color . For approximately 20
species of marine dinoflagellates, population explosions (called blooms) during the summer months
can tint the ocean with a muddy red color. This phenomenon is called a red tide and results from
the abundant red pigments present in dinoflagellate plastids. In large quantities, these
dinoflagellate species secrete an asphyxiating toxin that can kill fish, birds, and marine mammals.
Red tides can be massively detrimental to commercial fisheries; humans who consume these
protists may become poisoned.
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Bioluminescence is emitted from dinoflagellates in a breaking wave, as seen from the New Jersey
coast.

Apicomplexans

The apicomplexan protists are so named because their microtubules, fibrin, and vacuoles are
asymmetrically distributed at one end of the cell in a structure called an apical complex. The apical
complex is specialized for entry and infection of host cells. Indeed, all apicomplexans are parasitic.
This group includes the genus Plasmodium, which causes malaria in humans. Apicomplexan life
cycles are complex, involving multiple hosts and stages of sexual and asexual reproduction.

Ciliates

The ciliates, which include Paramecium and Tetrahymena, are a group of protists 10 to 3,000
micrometers in length that are covered in rows, tufts, or spirals of tiny cilia. By beating their cilia
synchronously or in waves, ciliates can coordinate directed movements and ingest food particles.
Certain ciliates have fused cilia-based structures that function like paddles, funnels, or fins. Ciliates
also are surrounded by a pellicle, providing protection without compromising agility. The genus
Paramecium includes protists that have organized their cilia into a plate-like primitive mouth called
an oral groove, which is used to capture and digest bacteria . Food captured in the oral groove
enters a food vacuole where it combines with digestive enzymes. Waste particles are expelled by an
exocytic vesicle that fuses at a specific region on the cell membrane: the anal pore. In addition to a
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vacuole-based digestive system, Paramecium also uses contractile vacuoles: osmoregulatory
vesicles that fill with water as it enters the cell by osmosis and then contract to squeeze water from
the cell.

Mouth pore

Anal pore

Figure 4.52 Paramecium

Paramecium has a primitive mouth (called an oral groove) to ingest food and an anal pore to excrete it.
Contractile vacuoles allow the organism to excrete excess water. Cilia enable the organism to move.

Paramecium has two nuclei, a macronucleus and a micronucleus, in each cell. The micronucleus is
essential for sexual reproduction, whereas the macronucleus directs asexual binary fission and all
other biological functions. The process of sexual reproduction in Paramecium underscores the
importance of the micronucleus to these protists. Paramecium and most other ciliates reproduce
sexually by conjugation. This process begins when two different mating types of Paramecium make
physical contact and join with a cytoplasmic bridge . The diploid micronucleus in each cell then
undergoes meiosis to produce four haploid micronuclei. Three of these degenerate in each cell,
leaving one micronucleus that then undergoes mitosis, generating two haploid micronuclei. The
cells each exchange one of these haploid nuclei and move away from each other. A similar process
occurs in bacteria that have plasmids. Fusion of the haploid micronuclei generates a completely
novel diploid pre-micronucleus in each conjugative cell. This pre-micronucleus undergoes three
rounds of mitosis to produce eight copies, while the original macronucleus disintegrates. Four of the
eight pre-micronuclei become full-fledged micronuclei, whereas the other four perform multiple
rounds of DNA replication and then become new macronuclei. Two cell divisions then yield four new
paramecia from each original conjugative cell.
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Chromalveolata: Stramenopiles

Stramenopiles include photosynthetic marine algae and heterotrophic protists such as diatoms,
brown and golden algae, and oomycetes.

Rhizaria

Rhizaria are a super group of protists, typically amoebas that are characterized by the presence of
needle-like pseudopodia. The Rhizaria super group includes many of the amoebas, most of which
have threadlike or needle-like pseudopodia. Pseudopodia function to trap and engulf food particles
and to direct movement in Rhizaria protists. These pseudopods project outward from anywhere on
the cell surface and can anchor to a substrate. The protist then transports its cytoplasm into the
pseudopod, thereby moving the entire cell. This type of motion, called cytoplasmic streaming, is
used by several diverse groups of protists as a means of locomotion or as a method to distribute
nutrients and oxygen.

Ammonia tepida, a Rhizaria species viewed
here using phase contrast light microscopy,
exhibits many threadlike pseudopodia.

100 um - -

o

Forams

Foraminifera, or forams, are unicellular heterotrophic protists, ranging from approximately 20
micrometers to several centimeters in length; they occasionally resemble tiny snails .

Radiolarians

A second subtype of Rhizaria, the radiolarians, exhibit intricate exteriors of glassy silica with radial
or bilateral symmetry.

Archaeplastida

Archaeplastida are a super group of protists that comprise red and green algae, which include
unicellular, multicellular, and colonial forms.

Amoebozoa and Opisthokonts
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Amoebozoa are a type of protist that is characterized by the presence of pseudopodia, which they
use for locomotion and feeding.

The amoebozoans are classified as protists with pseudopodia, which are used in locomotion and
feeding. Amoebozoans live in marine environments, freshwater, or in soil. In addition to the defining
pseudopodia, they also lack a shell and do not have a fixed body. The pseudopodia that are
characteristically exhibited include extensions, which can be tube-like or flat lobes, rather than the
hair-like pseudopodia of Rhizaria amoeba.

Amoebae with tubular and lobe-shaped
pseudopodia, such as the ones seen under
this microscope, would be morphologically
classified as amoebozoans.

4.3 7 Protists as Human Pathogens
Many protists exist as parasites that infect and cause diseases in their hosts.

A pathogen is anything that causes disease. Parasites live in or on an organism and harm that
organism. A significant number of protists are pathogenic parasites that must infect other
organisms to survive and propagate. Protist parasites include the causative agents of malaria,
African sleeping sickness, and waterborne gastroenteritis in humans.

Plasmodium Species

Members of the genus Plasmodium must colonize both a mosquito and a vertebrate to complete
their life cycle. In vertebrates, the parasite develops in liver cells and goes on to infect red blood
cells, bursting from and destroying the blood cells with each asexual replication cycle . Of the four
Plasmodium species known to infect humans, Plasmodium falciparum accounts for 50 percent of all
malaria cases and is the primary cause of disease-related fatalities in tropical regions of the world.
In 2010, it was estimated that malaria caused between one and one-half million deaths, mostly in
African children. During the course of malaria, P. falciparum can infect and destroy more than one-
half of a human's circulating blood cells, leading to severe anemia. In response to waste products
released as the parasites burst from infected blood cells, the host immune system mounts a massive
inflammatory response with episodes of delirium-inducing fever as parasites lyse red blood cells,
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spilling parasitic waste into the bloodstream. P. falciparum is transmitted to humans by the African
malaria mosquito, Anopheles gambiae. Techniques to kill, sterilize, or avoid exposure to this highly
aggressive mosquito species are crucial to malaria control.

Red blood cells are shown to be infected ..v' ..' 2> W
with P. falciparum, the causative agent of

malaria. In this light microscopic image
taken using a 100x oil immersion lens, the
ring-shaped P. falciparum stains purple.

Figure 4.55 Plasmodium

Trypanosomes

Trypanosoma brucei, the parasite that is responsible for African sleeping sickness, confounds the
human immune system by changing its thick layer of surface glycoproteins with each infectious
cycle . The glycoproteins are identified by the immune system as foreign antigens and a specific
antibody defense is mounted against the parasite. However, T. brucei has thousands of possible
antigens; with each subsequent generation, the protist switches to a glycoprotein coating of a
different molecular structure. In this way, T. brucei is capable of replicating continuously without
the immune system ever succeeding in clearing the parasite. Without treatment, T. brucei attacks
red blood cells, causing the patient to lapse into a coma and eventually die. During epidemic
periods, mortality from the disease can be high. Greater surveillance and control measures lead to a
reduction in reported cases; some of the lowest numbers reported in 50 years (fewer than 10,000
cases in all of sub-Saharan Africa) have happened since 2009.
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Trypanosomes are shown among red blood
cells.

In Latin America, another species, T. cruzi, is
responsible for Chagas disease. T. cruzi
infections are mainly caused by a blood-
sucking bug. The parasite inhabits heart and
digestive system tissues in the chronic phase
of infection, leading to malnutrition and heart
failure due to abnormal heart rhythms. An
estimated 10 million people are infected with
Chagas disease; it caused 10,000 deaths in
2008.

Figure 4.56 Trypanosomes
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Review Questions

1. The smallest unit of biological structure that meets the functional requirements of
“living”isthe ________
a. macromolecule
b. cell
C. organelle
d. organ
2. The is the basic unit of life.
a. tissue
b. cell
C. organ
d. organism
3. Eukaryotic cells contain the following:
a. circular chromosomal structures within a membrane-bound nucleus
b. all of these answers
C. a nucleus that is not surrounded by a membrane
d. structures that specialize in energy production
4, Which of the following is found both in eukaryotic and prokaryotic cells?
a. ribosomes
b. vacuoles
C. mitochondrion
d. nucleus
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5. If the nucleolus were not able to carry out its function, which nucleus-synthesized

organelles would be affected?

a. DNA
b. proteins
C. chromosomes
d. ribosomes
6. The primary function of the nucleus in eukaryotic cells is to:
a. synthesize proteins from mRNA
b. contain the cell's hereditary material
C. produce ATP that powers the cell
d. transport proteins outside of the cell
7. In mitochondria, the process of using oxygen and producing carbon dioxide as a waste
productis:
a. due to mitochondria's generation of iron and sulfur clusters
b. a result of important cofactors of many enzymes
C. a by-product of cellular respiration
d. due to the associative reaction of anaerobic eukaryotes and aerobic  prokaryotes
8. A key role of peroxisomes includes:
a. the transportation of diseased cells throughout the body
b. the ability to act as highly reactive products to produce ATP and oxygen
metabolism
C. the ability to congregate in large amounts within cancer cells to neutralize them
d. the ability to perform lipid metabolism and chemically neutralize free radicals
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10.

11.

12.

An important difference between plant cells and animal cells is that:

a. animal cells are able to capture light energy through stroma

b. animal and bacterial cells contain chlorophyll, but it is not bound within
organelles

C. plants are able to make their own food through the use of chloroplasts, which

enable photosynthesis

d. heterotrophs capture light energy to produce their own food

What is the difference in the functioning between rough ER and smooth ER?

a. rough ER makes proteins for use outside of the cell, while smooth ER makes lipids
and carbohydrates.

b. rough ER makes proteins for use inside the cell, while smooth ER make
proteins for use outside.

C. rough ER detoxifies poisons, while smooth ER creates new cell organelles.

d. rough ER is used by animal cells, while plant cells only use smooth ER.

How does the structure of the endoplasmic reticulum help with the transport of

proteins?

a. The ER is completely covered with ribosomes that move around the cell.

b. The ER tubes connect with the nucleus for direct transport of ribosomes to its
membranes.

C. The ER can attach itself to the cell membrane to move proteins out of the cell.

d. The ERis a series of hollow tubes the proteins can move through around the cell.

Which of these organelles make up the endomembrane system of a cell?

a. rough and smooth endoplasmic reticulum
b. ribosomes and nucleoli

C. lysosomes and cell membrane

d. nucleus and DNA
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13. All of the following are functions of the microtubules EXCEPT:

a. they pull chromosome pairs apart during cell division
b. they help the cell resist compression
C. they anchor proteins to the cell's surface
d. they provide a track for the movement of vesicles through the cell
14. The role of the extracellular matrix in animal cells is:
a. the formation of tissues and allows cell communication within the tissues
b. to change the conformation of microfilaments inside the cell membrane
C. to control blood clotting in the human body
d. to create the proteins and collagen that are needed in tissue communication
15. An example of a fungal parasite or pathogen that infects animal species is:
a. Staphylococcus aureus
b. Geomyces destructans
C. Aspergillus sp.
d. Claviceps purpurea
16. Which of the following organisms plays a critical role in bread, beer, and wine production?
a. Agaricus campestris
b. Beauveria bassiana
C. Escherichia coli
d. Saccharomyces cerevisiae
17. Which characteristic is shared by prokaryotes and eukaryotes?
a. DNA-based genome
b. cytoskeleton
C. nucleus
d. mitochondria
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18. Protists with the capabilities to both perform photosynthesis and to absorb nutrients from

dead organisms are called

a. photoautotrophs
b. mixotrophs
C. heterotrophs
d. saprobes
19. Protists that have a pellicle are surrounded by
a. proteins
b. calcium carbonate
C. silica dioxide
d. carbohydrates
20. Giardia lamblia is diplomonad that causes:
a. blindness
b. heart failure
C. diarrhoea
d. none of the above
21. Plasmodium sp. can glide along surfaces.
a. True
b. False
22. Paramecium sp. form pseudopods.
a. True
b. False
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23. Eukaryotic DNA is circular and contained in the nucleoid of the cell:

a. True
b. False
24, Valley fever is mycoses.
a. True
b. False
25. An example of a member of the phylum Basidiomycota is a mushroom.
a. True
b. False
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Learning Outcomes

By the end of this chapter, you will be able to:
- Describe how viruses were first discovered and how they are detected.
= Generalize the features of viral genomes.
= Explain factors that limit viral host range.
= Recognize the cause and effect of different sizes of viruses.
= Describe the relationship between the viral genome, capsid, and envelope.
=> Distinguish between the 5 main morphological virus types.
= Describe the fundamental characteristics of viruses.
- Outline the features of viral replication.
= Explain viral tropism.
= Describe various animal viruses and the diseases they cause.
- Differentiate between viroids, virusoids, and prions.
=> Discuss animal/human diseases caused by prions.
= Evaluate the complexity of bacteriophages.
-> Differentiate between DNA and RNA viruses.
=> |Illustrate how cancer viruses turn normal cells into tumor cells.

- Differentiate between DNA and RNA oncogenic viruses.

5.1 Virus Overview

5.1.1.Discovery and Detection of Viruses

Viruses were first discovered after the development of a porcelain filter, called the Chamberland-
Pasteur filter, which could remove all bacteria visible in the microscope from any liquid sample. In
1886, Adolph Meyer demonstrated that a disease of tobacco plants, tobacco mosaic disease, could be
transferred from a diseased plant to a healthy one via liquid plant extracts. In 1892, Dmitri lvanowski
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showed that this disease could be transmitted in this way even after the Chamberland-Pasteur filter
had removed all viable bacteria from the extract. Still, it was many years before it was proven that
these "filterable" infectious agents were not simply very small bacteria, but were a new type of tiny,
disease-causing particle.

Viruses used to be classified by the type of
nucleic acid they contained (DNA or RNA)
and whether they had single- or double-
stranded nucleic acid.

Virions, single virus particles, are very small,
about 20-250 nanometers in diameter.
These individual virus particles are the
infectious form of a virus outside the host
cell. Unlike bacteria (which are about 100
times larger), we cannot see viruses with a

light microscope, with the exception of some
large virions of the poxvirus family.

It was not until the development of the electron microscope in the late 1930s that scientists got their
first good view of the structure of the tobacco mosaic virus (TMV) and other viruses . The surface
structure of virions can be observed by both scanning and transmission electron microscopy, whereas
the internal structures of the virus can only be observed in images from a transmission electron
microscope. The use of these technologies has enabled the discovery of many viruses of all types of
living organisms. They were initially grouped by shared morphology. Later they were classified by the
type of nucleic acid they contained, DNA or RNA, and whether their nucleic acid was single- or double-
stranded. More recently, molecular analysis of viral replicative cycles has further refined their
classification.

In these transmission electron
micrographs, (a) a virus is
dwarfed by the bacterial cell it
infects, while (b) these E. coli cells
are dwarfed by cultured colon
cells.
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5.1.2 Nature of the Virion

Avirion is an entire virus particle consisting of an outer protein shell called a capsid and an inner core
of nucleic acid (either ribonucleic or deoxyribonucleic acid—RNA or DNA). The core confers infectivity,
and the capsid provides specificity to the virus. In some virions the capsid is further enveloped by a
fatty membrane, in which case the virion can be inactivated by exposure to fat solvents such as ether
and chloroform. Many virions are spheroidal—actually icosahedral (the capsid having 20 triangular
faces)—with regularly arranged units called capsomeres, two to five or more along each side. The
nucleic acid is densely coiled within. Other virions have a capsid consisting of an irregular number of
surface spikes, with the nucleic acid loosely coiled within. Virions of most plant viruses are rod-
shaped; the capsid is a naked cylinder (lacking a fatty membrane) within which lies a straight or
helical rod of nucleic acid.

Virion capsids are formed from identical protein

subunits called capsomeres. Viruses can have a viral protein 1

lipid "envelope" derived from the host cell viral protein 2
membrane . The capsid is made from proteins
encoded by the viral genome and its shape
serves as the basis for morphological
distinction. Virally coded protein subunits will
self-assemble to form a capsid, in general
requiring the presence of the virus genome.
Complex viruses code for proteins that assist in Figure 5.3 Virion capsid
the construction of their capsid. Proteins Structure of a capsid and the organization of
associated with nucleic acid are known as molecules that constitute it.
nucleoproteins, and the association of viral

capsid proteins with viral nucleic acid is called

a nucleocapsid. The capsid and entire virus

structure can be mechanically (physically)

probed through atomic force microscopy.

5.2.3 Viral Genomes
The viral genome is the complete genetic complement contained in a DNA or RNA molecule in a virus.

Viral diseases have an enormous impact on human health worldwide. Genomic technologies are
providing infectious disease researchers an unprecedented capability to study at a genetic level the
viruses that cause disease and their interactions with infected hosts. An enormous variety of genomic
structures can be seen among viral species; as a group, they contain more structural genomic
diversity than plants, animals, archaea, or bacteria. There are millions of different types of viruses,
although only about 5,000 of them have been described in detail.
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Avirus has either DNA or RNA genes and is called a DNA virus or a RNA virus, respectively. The vast
majority of viruses have RNA genomes. Plant viruses tend to have single-stranded RNA genomes and
bacteriophages tend to have double-stranded DNA genomes. Viral genomes are circular, asin the
polyomaviruses, or linear, as in the adenoviruses . The type of nucleic acid is irrelevant to the shape of
the genome. Among RNA viruses and certain DNA viruses, the genome is often divided up into
separate parts, in which case it is called segmented. For RNA viruses, each segment often codes for
only one protein, and they are usually found together in one capsid. However, all segments are not
required to be in the same virion for the virus to be infectious, as demonstrated by the brome mosaic
virus and several other plant viruses.

Aviral genome, irrespective of nucleic Scheme of a CMV virus

acid type, is almost always either single-

stranded or double-stranded. Single- - & Glycoprotein Il
stranded genomes consist of an : ~— Glycoprotein |
unpaired nucleic acid, analogous to 2

one-half of a ladder split down the
Genome

middle. Double-stranded genomes Capsid

consist of two complementary paired

nucleic acids, analogous to a ladder. Coat
The virus particles of some virus
families, such as those belonging to the
Hepadnaviridae, contain a genome that
is partially double-stranded and

partially single-stranded.

5.1.4 Host Range

Avirus' host range is the range of cell types and host species a virus is able to infect. A hostis an
organism that harbours a parasite or a mutual or commensal symbiont, typically providing
nourishment and shelter. Resistance to and recovery from viral infections depend on the interactions
that occur between the virus and the host. The defenses mounted by the host may act directly on the
virus or indirectly on virus replication by altering or killing the infected cell. Nonspecific host defenses
function early in an encounter with a virus to prevent or limit infection, while the specific host
defenses function after infection in recovery to provide immunity for subsequent challenges.

The host defense mechanisms involved in a particular viral infection will vary depending on the virus,
dose, and portal of entry. The host has many barriers against infection that are inherent in the
organism. These represent the first line of defense, which functions to prevent or limit infection
Examples of natural barriers include but are not limited to skin, the expression of surface receptors
such as CD4, complement receptors, glycophorin, intercellular adhesion molecule 1 (ICAM-1) , mucus,
a ciliated epithelium, low pH, and humoral and cellular components.
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The host range of the virus will depend upon
the presence of the receptors described
above. If a host lacks the receptor for a virus,
or if the host cell lacks some component
necessary for the replication of a virus, the
host will inherently be resistant to that virus.
For example, mice lack the receptors for
polioviruses and thus are resistant to
poliovirus. Similarly, humans are inherently
resistant to plant and many animal viruses.

5.1.5. Viral Size

Most viruses range in size from 5 to 300 nanometers (nm), although some Paramyxoviruses can be up
to 14,000 nm long. Avirusis aninfectious agent of small size and simple composition that can
multiply only in living cells of animals, plants, or bacteria . They range in size from about 20 to 400
nanometres in diameter (1 nanometre = 10-9 meters). By contrast, the smallest bacteria are about 400
nanometres in size. A virus consists of a single- or double-stranded nucleic acid and at least one
protein surrounded by a protein shell, called a capsid; some viruses also have an outer envelope
composed of fatty materials (lipids) and proteins. The nucleic acid carries the virus's genome—its
collection of genes—and may consist of either deoxyribonucleic acid (DNA) or ribonucleic acid (RNA).
The protein capsid provides protection for the nucleic acid and may contain enzymes that enable the

virus to enter its appropriate host cell.

There exists a strong association between viral
geometry and features of viral disease outbreaks.
The amount and arrangement of the proteins and
nucleic acid of viruses determine their size and
shape. The protein and nucleic acid constituents
have properties unique for each class of virus;
when assembled, they determine the size and
shape of the virus for that specific class.
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Only the largest and most complex viruses can be seen under the light microscope at the highest
resolution. Any determination of the size of a virus also must take into account its shape, since
different classes of viruses have distinctive shapes. Shapes of viruses are predominantly of two kinds:
rods, or filaments, so called because of the linear array of the nucleic acid and the protein subunits;
and spheres, which are actually 20-sided (icosahedron) polygons. Most plant viruses are small and are
either filaments or polygons, as are many bacterial viruses. The larger and more-complex
bacteriophages contain double-stranded DNA as their genetic information and combine both
filamentous and polygonal shapes. The classic T4 bacteriophage is composed of a polygonal head,
which contains the DNA genome, and a special-function rod-shaped tail of long fibres. Structures such
as these are unique to the bacteriophages.

5.2 Viral Structure

5.2.1 Viral Morphology

Viruses of all shapes and sizes consist of a nucleic acid core, an outer protein coating or capsid, and
sometimes an outer envelope.

= Viruses are classified into four groups based on shape: filamentous, isometric (or icosahedral),
enveloped, and head and tail.

= Many viruses attach to their host cells to facilitate penetration of the cell membrane, allowing
their replication inside the cell.

- Non-enveloped viruses can be more resistant to changes in temperature, pH, and some
disinfectants than are enveloped viruses.

= The virus core contains the small single- or double-stranded genome that encodes the
proteins that the virus cannot get from the host cell.

Viruses are acellular, meaning they are biological entities that do not have a cellular structure.
Therefore, they lack most of the components of cells, such as organelles, ribosomes, and the plasma
membrane. A virion consists of a nucleic acid core, an outer protein coating or capsid, and sometimes
an outer envelope made of protein and phospholipid membranes derived from the host cell. The
capsid is made up of protein subunits called capsomeres. Viruses may also contain additional
proteins, such as enzymes. The most obvious difference between members of viral families is their
morphology, which is quite diverse. An interesting feature of viral complexity is that host and virion
complexity are uncorrelated. Some of the most intricate virion structures are observed in
bacteriophages, viruses that infect the simplest living organisms: bacteria.
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Viruses come in many shapes and sizes, but these are consistent and distinct for each viral family. In
general, the shapes of viruses are classified into four groups: filamentous, isometric (or icosahedral),
enveloped, and head and tail. Filamentous viruses are long and cylindrical. Many plant viruses are
filamentous, including TMV (tobacco mosaic virus). Isometric viruses have shapes that are roughly
spherical, such as poliovirus or herpesviruses. Enveloped viruses have membranes surrounding
capsids. Animal viruses, such as HIV, are frequently enveloped. Head and tail viruses infect bacteria.
They have a head that is similar to icosahedral viruses and a tail shape like filamentous viruses.

Many viruses use some sort of glycoprotein
to attach to their host cells via molecules

Viral receptor on the cell called viral receptors. For these
KSHV virion viruses, attachment is a requirement for
later penetration of the cell membrane,
allowing them to complete their
replication inside the cell. The receptors
that viruses use are molecules that are
normally found on cell surfaces and have
their own physiological functions. Viruses
have simply evolved to make use of these

molecules for their own replication.

The KSHV virus binds the xCT receptor on
the surface of human cells. This
attachment allows for later penetration of
Figure 5.7 Example of a virus attaching to its host cell the cell membrane and replication inside
the cell.

Overall, the shape of the virion and the presence or absence of an envelope tell us little about what
disease the virus may cause or what species it might infect, but they are still useful means to begin
viral classification. Among the most complex virions known, the T4 bacteriophage, which infects the
Escherichia coli bacterium, has a tail structure that the virus uses to attach to host cells and a head
structure that houses its DNA . Adenovirus, a non-enveloped animal virus that causes respiratory
illnesses in humans, uses glycoprotein spikes protruding from its capsomeres to attach to host cells .
Non-enveloped viruses also include those that cause polio (poliovirus), plantar warts
(papillomavirus), and hepatitis A (hepatitis A virus).
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Viruses can be either complex in shape or relatively simple. This figure shows three relatively-complex
virions: the bacteriophage T4, with its DNA-containing head group and tail fibres that attach to host
cells; adenovirus, which uses spikes from its capsid to bind to host cells; and HIV, which uses
glycoproteins embedded in its envelope to bind to host cells.

Enveloped virions like HIV consist of nucleic acid and capsid proteins surrounded by a phospholipid
bilayer envelope and its associated proteins. Glycoproteins embedded in the viral envelope are used
to attach to host cells. Other envelope proteins include the matrix proteins that stabilize the envelope
and often play a role in the assembly of progeny virions. Chicken pox, influenza, and mumps are
examples of diseases caused by viruses with envelopes. Because of the fragility of the envelope, non-
enveloped viruses are more resistant to changes in temperature, pH, and some disinfectants than are
enveloped viruses.

5.2.2 Types of Nucleic Acid

Unlike nearly all living organisms that use DNA as their genetic material, viruses may use either DNA or
RNA. The virus core contains the genome or total genetic content of the virus. Viral genomes tend to
be small, containing only those genes that encode proteins that the virus cannot obtain from the host
cell. This genetic material may be single- or double-stranded. It may also be linear or circular. While
most viruses contain a single nucleic acid, others have genomes that have several, called segments.
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In DNA viruses, the viral DNA directs the host cell's replication proteins to synthesize new copies of the
viral genome and to transcribe and translate that genome into viral proteins. DNA viruses cause
human diseases, such as chickenpox, hepatitis B, and some venereal diseases, like herpes and genital

warts.

RNA viruses contain only RNA as their genetic material. To replicate their genomes in the host cell, the
RNA viruses encode enzymes that can replicate RNA into DNA, which cannot be done by the host cell.
These RNA polymerase enzymes are more likely to make copying errors than DNA polymerases and,
therefore, often make mistakes during transcription. For this reason, mutations in RNA viruses occur
more frequently than in DNA viruses. This causes them to change and adapt more rapidly to their
host. Human diseases caused by RNA viruses include hepatitis C, measles, and rabies.

Viruses display a wide diversity of shapes and sizes, and morphologies. In general, there are five main

morphological virus types:

Capsid
Protein

Retrovirus

Structures of Common Viral Types

1. Helical - These viruses are composed of a single type of capsomer stacked around a central
axis to form a helical structure, which may have a central cavity, or hollow tube.

2. Icosahedral - Most animal viruses are icosahedral or near spherical with icosahedral
symmetry.

3. Prolate - Thisis anicosahedron elongated along one axis and is a common arrangement of
the heads of bacteriophages.
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4. Envelope - Some species of virus envelop themselves in a modified form of one of the cell
membranes, either the outer membrane surrounding an infected host cell or internal
membranes such as nuclear membrane or endoplasmic reticulum, thus gaining an outer lipid
bilayer known as a viral envelope.

5. Complex - These viruses possess a capsid that is neither purely helical nor purely icosahedral,
and that may possess extra structures such as protein tails or a complex outer wall.

A complete virus particle, known as a virion, consists of nucleic acid surrounded by a protective coat
of protein called a capsid. These are formed from identical protein subunits called capsomeres.
Viruses can have a lipid "envelope" derived from the host cell membrane. The capsid is made from
proteins encoded by the viral genome and its shape serves as the basis for morphological distinction.
Virally coded protein subunits will self-assemble to form a capsid, in general requiring the presence of
the virus genome. Complex viruses code for proteins that assist in the construction of their capsid.
Proteins associated with nucleic acid are known as nucleoproteins, and the association of viral capsid
proteins with viral nucleic acid is called a nucleocapsid. The capsid and entire virus structure can be
mechanically (physically) probed through atomic force microscopy.

viruses are much smaller than bacteria. Most viruses that have been studied have a diameter between
20 and 300 nanometers. Some filoviruses have a total length of up to 1400 nm; their diameters are
only about 80 nm. Most viruses, such as virions, cannot be seen with an optical microscope, so
scanning and transmission electron microscopes are used to visualize them.

To increase the contrast between viruses and the background, electron-dense "stains" are used.
These are solutions of salts of heavy metals, such as tungsten, that scatter the electrons from regions
covered with the stain. When virions are coated with stain (positive staining), fine detail is obscured.
Negative staining overcomes this problem by staining the background only.

5.2.3 Complex and Asymmetrical Virus Particles

Complex viruses are often asymmetrical or symmetrical in combination with other structures such as
a tail. Viruses with asymmetrical structures are referred to as "complex. " These viruses possess a
capsid that is neither purely helical nor purely icosahedral, and may possess extra structures such as
protein tails or a complex outer walls.

Some bacteriophages, such as Enterobacteria phage T4, have a complex structure consisting of an
icosahedral head bound to a helical tail, which may have a hexagonal base plate with protruding
protein tail fibres. This tail structure acts like a molecular syringe, attaching to the bacterial host and
then injecting the viral genome into the cell.
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T4 is a bacteriophage that infects E. coli and is referred to as a complex virus. Although it has an
icosahedral head, its tail makes it asymmetrical, or complex in terms of structure.

The poxviruses are large, complex viruses that have an unusual morphology. The viral genome is
associated with proteins within a central disk structure known as a nucleoid. The nucleoid is
surrounded by a membrane and two lateral bodies of unknown function. The virus has an outer
envelope with a thick layer of protein studded over its surface. The whole virion is slightly
pleomorphic, ranging from ovoid to brick shape.

Mimivirus is the largest characterized virus, with a capsid diameter of 400 nm. Protein filaments
measuring 100 nm project from the surface. The capsid appears hexagonal under an electron
microscope, therefore the capsid is probably icosahedral. In 2011, researchers discovered a larger
virus on the ocean floor off the coast of Las Cruces, Chile. Provisionally named Megavirus chilensis, it
can be seen with a basic optical microscope.

Some viruses that infect archaea have complex structures unrelated to any other form of virus. These
include a wide variety of unusual shapes, ranging from spindle-shaped structures, to viruses that
resemble hooked rods, teardrops, or even bottles. Other archaeal viruses resemble the tailed
bacteriophages, and can have multiple tail structures.
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5.3 Viral Classification

5.3.1 The International Committee on Taxonomy of Viruses

The International Committee on Taxonomy of Viruses (ICTV) is
a committee that authorizes and organizes the taxonomic
classification of viruses. They have developed a universal
taxonomic scheme for viruses and aim to describe all the
viruses of living organisms . Members of the committee are
considered to be world experts on viruses. The committee
formed from and is governed by the Virology Division of the
International Union of Microbiological Societies. Detailed
work such as delimiting the boundaries of species within a
family is typically done by study groups, which consist of
experts in the families. The committee also operates an
authoritative database (ICTVdB) containing taxonomic
information for 1,950 virus species, as of 2005. It is open to the
public and is searchable by several different means.

5.3.2 The Baltimore Virus Classification
The Baltimore classification groups viruses into families depending on their type of genome.

Virus classification is the process of naming viruses and placing them into a taxonomic system. Much
like the classification systems used for cellular organisms, virus classification is the subject of ongoing
debate and proposals. This is mainly due to the pseudo-living nature of viruses, which is to say they
are non-living particles with some chemical characteristics similar to those of life. As such, they do not
fit neatly into the established biological classification system in place for cellular organisms.

Baltimore classification (first defined in 1971) is a classification system that places viruses into one of
seven groups depending on a combination of their nucleic acid (DNA or RNA), strandedness (single-
stranded or double-stranded), Sense, and method of replication . Named after David Baltimore, a
Nobel Prize-winning biologist, these groups are designated by Roman numerals and discriminate
viruses depending on their mode of replication and genome type. Other classifications are
determined by the disease caused by the virus or its morphology, neither of which are satisfactory
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due to different viruses either causing the same disease or looking very similar. In addition, viral
structures are often difficult to determine under the microscope.

Class
| I 1l \Y; Vv VI VII

ssDNA (+)ssRNA dsDNA-RT

dsDNA

MmRNA

Classifying viruses according to their genome means that those in a given category will all behave in a
similar fashion, offering some indication of how to proceed with further research. Viruses can be

placed in one of the seven following groups:
I: dsDNA viruses (e.g. Adenoviruses, Herpesviruses, Poxviruses)
[I: ssDNA viruses (+)sense DNA (e.g. Parvoviruses)
I1l: dsRNA viruses (e.g. Reoviruses)
IV: (+)ssRNA viruses (+)sense RNA (e.g. Picornaviruses, Togaviruses)
V: (-)ssRNA viruses (-)sense RNA (e.g. Orthomyxoviruses, Rhabdoviruses)
VI: ssSRNA-RT viruses (+)sense RNA with DNA intermediate in life cycle (e.g. Retroviruses)

VII: dsDNA-RT viruses (e.g. Hepadnaviruses)
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5.3.4 Medical Importance of Viruses

Viruses are obligate intracellular parasites that hijack a host cell's machinery to replicate, thereby
causing disease.

Viruses are extremely diverse and have evolved to infect nearly all life forms. Amid this diversity,
viruses with similar genome organizations exhibit major conserved themes in their replication
strategies. Once inside a cell, all viruses must uncoat, replicate, and transcribe their genomes, and
then repackage their genomes into viral progeny that are released from cells. RNA viruses in particular
must coordinate the switch between plus and minus strand synthesis and between replication and
transcription while protecting their genomes from cellular nucleases. Because of the conserved
nature of a virus's intracellular life cycle, fundamental advances in our understanding of replication
have come from viruses that infect both animal and non-animal hosts.

The devastating effects of viral diseases
such as AIDs, smallpox, polio, influenza,
diarrhoea, and hepatitis are well known,
and studies of viral pathogens are easily
justified from a world health perspective.
Sobering examples of emerging viral
diseases have occurred. Among these are
the sudden emergence of the coronavirus
that causes severe acute respiratory
syndrome (SARS), the continued
transmission of an avian influenza virus to
humans ("bird flu"), and the isolation of
poliovirus vaccine-wild type recombinants

that have hampered poliovirus eradication
efforts. In addition, the threat of
bioterrorism became a reality on U.S. soil,
creating an obligation for scientists to
respond with aggressive countermeasures.
Vaccination remains the preferred strategy
for controlling viral diseases because the
intimate association of viruses with the
host cellular machinery complicates the
development of safe drugs. However,
certain viruses have proven difficult targets
for vaccines, and antiviral drugs provide
the only option for controlling disease.
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5.4 Culturing Viruses

5.4.1 Batch Culture of Bacteriophages

Bacteriophage cultures require host cells in which the virus or phage multiply.

= Abacteriophage is any one of a number of viruses that infect bacteria. They do this by
injecting genetic material which they carry enclosed in an outer protein capsid.

= To enter a host cell, bacteriophages attach to specific receptors on the surface of bacteria,
including lipopolysaccharides, teichoic acids, proteins, or even flagella.

= Phage virions do not move independently, they must rely on random encounters with the
right receptors when in solution (blood, lymphatic circulation, irrigation, soil water, etc. ).

Strategies of Replication

Virus or phage cultures require host cells in which to multiply. For bacteriophages, cultures are grown

by infecting bacterial cells. The phage can then be isolated from the resulting plaques in a lawn of
bacteria on a plate.

Virus or phage cultures require host cells in which
to multiply. For bacteriophages, cultures are
grown by infecting bacterial cells. The phage can
then be isolated from the resulting plaquesin a
lawn of bacteria on a plate.

A bacteriophage is any one of a number of viruses
that infect bacteria . They do this by injecting
genetic material, which they carry enclosed in an
outer protein capsid, into a host bacterial cell.
The genetic material can be ssRNA, dsRNA,
ssDNA, or dsDNA ('ss-' or 'ds-' prefix denotes
single-strand or double-strand), along with either
circular or linear arrangements.
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viral RNA

To enter a host cell, bacteriophages attach to specific receptors on the surface of bacteria, including
lipopolysaccharides, teichoic acids, proteins, or even flagella. This specificity means a bacteriophage
can infect only those bacteria bearing receptors to which they can bind, which in turn determines the
phage's host range. Host growth conditions also influence the ability of the phage to attach and
invade them. As phage virions do not move independently, they must rely on random encounters with
the right receptors when in solution within blood, lymphatic circulation, irrigation, soil water, or other
environments..

Phages may be released via cell lysis, by extrusion, or, in a few cases, by budding. Lysis, by tailed
phages, is achieved by an enzyme called endolysin, which attacks and breaks down the cell wall
peptidoglycan. An altogether different phage type, the filamentous phages, make the host cell
continually secrete new virus particles. Released virions are described as free, and, unless defective,
are capable of infecting a new bacterium. Budding is associated with certain Mycoplasma phages. In
contrast to virion release, phages displaying a lysogenic cycle do not kill the host but, rather, become
long-term residents as prophage.

5.4.2 Tissue Culture of Animal Viruses

Viruses cannot be grown in standard microbiological broths or on agar plates; instead they are
cultured inside suitable host cells.

Cell culture is the complex process by which cells are grown under controlled conditions, generally
outside of their natural environment. In practice, the term "cell culture" now refers to the culturing of
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cells derived from multicellular eukaryotes, especially animal cells. However, there are also cultures
of plants, fungi, and microbes, including viruses, bacteria, and protists. The historical development
and methods of cell culture are closely interrelated to those of tissue culture and organ culture.
Animal cell culture became a common laboratory technique in the mid-1900's, but the concept of
maintaining live cell lines separated from their original tissue source was discovered in the 19th
century.

Viruses are obligate intracellular parasites that require living cells in order to replicate. Cultured cells,
eggs, and laboratory animals may be used for virus isolation. Although embroyonated eggs and
laboratory animals are very useful for the isolation of certain viruses, cell cultures are the sole system
for virus isolation in most laboratories. The development of methods for cultivating animal cells has
been essential to the progress of animal virology. To prepare cell cultures, tissue fragments are first
dissociated, usually with the aid of trypsin or collagenase. The cell suspension is then placed in a flat-
bottomed glass or plastic container (petri dish, a flask, a bottle, test tube) together with a suitable
liquid medium. e.g. Eagle's, and an animal serum. After a variable lag, the cells will attach and spread
on the bottom of the container and then start dividing, giving rise to a primary culture. Attachment to
a solid support is essential for the growth of normal cells.

Cell cultures vary greatly in their susceptibility to

different viruses. It is of utmost importance that the most 6

sensitive cell cultures are used for a particular suspected

virus. Specimens for cell culture should be transported

to the laboratory as soon as possible upon being taken. %

Swabs should be put in a vial containing virus transport N,

medium. Bodily fluids and tissues should be placed in a x."g ,

sterile container. Upon receipt, the specimen is oy
inoculated into several different types of cell culture 78 :“,
depending on the nature of the specimen and the clinical

presentation. The maintenance media should be Figure 5.16 Viral cytopathic effect of herpes
changed after one hour or the next morning. The simplex virus.

inoculated tubes should be incubated at 35-370Cin a
rotating drum. Rotation is optimal for the isolation of
respiratory viruses and result in an earlier appearance of
the cytopathic effects (CPE) for many viruses. If
stationary tubes are used, it is critical that the culture
tubes be positioned so that the cell monolayer is bathed
in nutrient medium.
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5.4.3 Inoculation of Live Animals

Live animal inoculation is a method used to cultivate viruses.

Viruses are obligate intracellular parasites and cannot grow on inanimate media. They need living
cells for replication, which can be provided by inoculation in live animals among other methods used
to culture viruses (cell culture or inoculation of embryonated eggs). Inoculation of human volunteers
was the only known method of cultivation of viruses and understanding viral disease. In 1900, Reed
and his colleagues used human volunteers for their work on yellow fever. Due to serious risk involved,
human volunteers are recruited only when no other method is available and the virus is relatively
harmless. Smallpox was likely the first disease people tried to prevent by purposely inoculating
themselves with other infections and was the first disease for which a vaccine was produced. Today,
studying viruses via the inoculation of humans would require a stringent study of ethical practices by

an institutional review board.

In the past few decades, animal inoculation has been
employed for virus isolation. The laboratory animals used
include monkeys, rabbits, guinea pigs, rats, hamsters, and
mice. The choice of animals and route of inoculation
(intracerebral, intraperitoneal, subcutaneous, intradermal,
or intraocular) depends largely on the type of virus to be
isolated. Handling of animals and inoculation into various
routes requires special experience and training. In addition to
virus isolation, animal inoculation can also be used to
observe pathogenesis, immune response, epidemiology, and
oncogenesis. Growth of the virus in inoculated animals may
be indicated by visible lesions, disease, or death. Sometimes,

serial passage into animals may be required to obtain visible
evidence of viral growth. Animal inoculation has several
disadvantages as immunity may interfere with viral growth,
and the animal may harbour latent viruses.

5.4.5 Viral Identification

The genetic material within virus particles varies considerably between different types of viruses.
Replication of Viruses

The genetic material within virus particles and the method by which the material is replicated vary
considerably between different types of viruses.
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TYPES

DNA viruses: The genome replication of most DNA viruses takes place in the cell's nucleus. If the cell
has the appropriate receptor on its surface, these viruses sometimes enter the cell by direct fusion
with the cell membrane (e.g., herpesviruses) or, more usually, by receptor-mediated endocytosis.
Most DNA viruses are entirely dependent on the host cell's DNA and RNA synthesizing machinery and
RNA processing machinery; however, viruses with larger genomes may encode much of this
machinery themselves. In eukaryotes the viral genome must cross the cell's nuclear membrane to
access this machinery, while in bacteria it need only enter the cell.

RNA viruses: Replication usually takes place in the cytoplasm. RNA viruses can be placed into four
different groups, depending on their modes of replication. The polarity of single-stranded RNA viruses
largely determines the replicative mechanism, depending on whether or not it can be used directly by
ribosomes to make proteins. The other major criterion is whether the genetic material is single-
stranded or double-stranded. All RNA viruses use their own RNA replicase enzymes to create copies of
their genomes.

Reverse transcribing viruses: These have ssRNA (Retroviridae, Metaviridae, Pseudoviridae) or dSDNA
(Caulimoviridae, and Hepadnaviridae) in their particles. Reverse transcribing viruses with RNA
genomes (retroviruses), use a DNA intermediate to replicate, whereas those with DNA genomes
(pararetroviruses) use an RNA intermediate during genome replication. Both types use a reverse
transcriptase, or RNA-dependent DNA polymerase enzyme, to carry out the nucleic acid conversion.
Retroviruses integrate the DNA produced by reverse transcription into the host genome as a provirus
as a part of the replication process. Pararetroviruses do not, although integrated genome copies,
usually of plant pararetroviruses, can give rise to infectious virus. They are susceptible to antiviral
drugs that inhibit the reverse transcriptase enzyme, e.g. zidovudine and lamivudine. An example of
the first type is HIV, which is a retrovirus. Examples of the second type are the Hepadnaviridae, which
includes Hepatitis B virus.

The Baltimore classification
developed by David Baltimore is a
virus classification system that groups
viruses into families, depending on
their type of genome (DNA, RNA,
single-stranded (ss), double-stranded
(ds), etc.) and their method of
replication. Classifying viruses
according to their genome means that
those in a given category will all

behave in much the same way, which
offers some indication of how to
proceed with further research.
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In summary:
= |: dsDNA viruses (e.g. Adenoviruses, Herpesviruses, Poxviruses)
=> |l: ssDNA viruses (+)sense DNA (e.g. Parvoviruses)

=> |ll: dsRNA viruses (e.g. Reoviruses)IV: (+)ssRNA viruses (+)sense RNA (e.g. Picornaviruses,
Togaviruses)V: (-)ssRNA viruses (-)sense RNA (e.g. Orthomyxoviruses, Rhabdoviruses)

= VI: ssRNA-RT viruses (+)sense RNA with DNA intermediate in life-cycle (e.g. Retroviruses)

=> VII: dsDNA-RT viruses (e.g. Hepadnaviruses)

5.5 Viral Replication

5.5.1 General Features of Virus Replication

Virologists describe the formation of viruses during the infection process in target host cells as viral
replication

Multiplication Within the Host Cell

Viral replication is the term used to indicate the formation of biological viruses during the infection
process in the target host cells. Viruses must first penetrate and enter the cell before viral replication
can occur. From the perspective of the virus, the purpose of viral replication is to allow reproduction
and survival of its kind. By generating abundant copies of its genome and packaging these copies into
viruses, the virus is able to continue infecting new hosts.

Replication between viruses is varied and depends on the type of genes involved. Most DNA viruses
assemble in the nucleus; most RNA viruses develop solely in cytoplasm. Viral populations do not grow
through cell division, because they are acellular. Instead, they hijack the machinery and metabolism
of a host cell to produce multiple copies of themselves, and then they assemble inside the cell.

The life cycle of viruses differs greatly between species but there are six common basic stages:

1. Attachment is a specific binding between viral capsid proteins and specific receptors on the
host cellular surface. This specificity determines the host range of a virus. For example, HIV can infect
only a limited range of human leukocytes. Its surface protein, gp120, specifically interacts only with
the CD4 molecule - a chemokine receptor - which is most commonly found on the surface of CD4+ T-
Cells. This mechanism has evolved to favour those viruses that infect only cells within which they are
capable of replication. Attachment to the receptor can fore the viral envelope protein to undergo
either changes that result in the fusion of viral and cellular membranes, or changes of non-enveloped
virus surface proteins that allow the virus to enter.
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2. Penetration follows attachment. Virions enter the host cell through receptor-mediated
endocytosis or membrane fusion. This is often called viral entry. The infection of plant and fungal cells
is different from that of animal cells. Plants have a rigid cell wall made of cellulose, and fungi one of
chitin, so most viruses can get inside these cells only after trauma to the cell wall. However, nearly all
plant viruses (such as tobacco mosaic virus) can also move directly from cell to cell, in the form of
single-stranded nucleoprotein complexes, through pores called plasmodesmata. Bacteria, like plants,
have strong cell walls that a virus must breach to infect the cell. However, since bacterial cell walls are
much less thick than plant cell walls due to their much smaller size, some viruses have evolved
mechanisms that inject their genome into the bacterial cell across the cell wall, while the viral capsid
remains outside.

3. Uncoating is a process in which the viral capsid is removed: This may be by degradation by
viral or host enzymes or by simple dissociation. In either case the end-result is the release of the viral
genomic nucleic acid.

4, Replication of viruses depends on the multiplication of the genome. This is accomplished
through synthesis of viral messenger RNA (mRNA) from "early" genes (with exceptions for positive
sense RNA viruses), viral protein synthesis, possible assembly of viral proteins, then viral genome
replication mediated by early or regulatory protein expression. This may be followed, for complex
viruses with larger genomes, by one or more further rounds of mRNA synthesis: "late" gene expression
is, in general, of structural or virion proteins.

5. Following the structure-mediated self-assembly of the virus particles, some modification of
the proteins often occurs. In viruses such as HIV, this modification (sometimes called maturation)
occurs after the virus has been released from the host cell.

6. Viruses can be released from the host cell by lysis, a process that kills the cell by bursting its
membrane and cell wall if present. This is a feature of many bacterial and some animal viruses. Some
viruses undergo a lysogenic cycle where the viral genome is incorporated by genetic recombination
into a specific place in the host's chromosome. The viral genome is then known as a provirus or, in the
case of bacteriophages a prophage. Whenever the host divides, the viral genome is also replicated.
The viral genome is mostly silent within the host; however, at some point the provirus or prophage
may give rise to active virus, which may lyse the host cells. Enveloped viruses (e.g., HIV) typically are
released from the host cell by budding. During this process the virus acquires its envelope, which is a
modified piece of the host's plasma or other internal membrane. The genetic material within virus
particles, and the method by which the material is replicated, varies considerably between different
types of viruses.

Chapter5 5-22



http://creativecommons.org/licenses/by-sa/4.0/

5.5.2 Steps of Virus Infections

Viral infection involves the incorporation of viral DNA into a host cell, replication of that material, and
the release of the new viruses.

Steps of Virus Infections

Avirus must use cell processes to replicate. The viral replication cycle can produce dramatic
biochemical and structural changes in the host cell, which may cause cell damage. These changes,
called cytopathic (causing cell damage) effects, can change cell functions or even destroy the cell.
Some infected cells, such as those infected by the common cold virus known as rhinovirus, die
through lysis (bursting) or apoptosis (programmed cell death or "cell suicide"), releasing all progeny
virions at once. The symptoms of viral diseases result from the immune response to the virus, which
attempts to control and eliminate the virus from the body and from cell damage caused by the virus.
Many animal viruses, such as HIV (Human Immunodeficiency Virus), leave the infected cells of the
immune system by a process known as budding, where virions leave the cell individually. During the
budding process, the cell does not undergo lysis and is not immediately killed. However, the damage
to the cells that the virus infects may make it impossible for the cells to function normally, even
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though the cells remain alive for a period of time. Most productive viral infections follow similar steps
in the virus replication cycle: attachment, penetration, uncoating, replication, assembly, and release .

Nucleus Influenza virus

Epithelial cell

@ Influenza virus becomes @ The cell engulfs the virus @ Viral contents are released.
attached to a target by endocytosis. Viral RNA enters the nucleus
epithelial cell. where it is replicated by the

viral RNA polymerase.

New viral particles are made and @ Viral mMRNA is used to
released into the extracellular fluid. make viral proteins.
The cell, which is not killed in the

process, continues to make new virus.

Figure 5. 20 Pathway to viral infection

In influenza virus infection, glycoproteins attach to a host epithelial cell. As a result, the virus is
engulfed. RNA and proteins are made and assembled into new virions.

Attachment

Avirus attaches to a specific receptor site on the host cell membrane through attachment proteins in
the capsid or via glycoproteins embedded in the viral envelope. The specificity of this interaction
determines the host (and the cells within the host) that can be infected by a particular virus. This can
be illustrated by thinking of several keys and several locks where each key will fit only one specific
lock.

Entry

The nucleic acid of bacteriophages enters the host cell naked, leaving the capsid outside the cell.
Plant and animal viruses can enter through endocytosis, in which the cell membrane surrounds and
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engulfs the entire virus. Some enveloped viruses enter the cell when the viral envelope fuses directly
with the cell membrane. Once inside the cell, the viral capsid is degraded and the viral nucleic acid is
released, which then becomes available for replication and transcription.

Replication and Assembly

The replication mechanism depends on the viral genome. DNA viruses usually use host cell proteins
and enzymes to make additional DNA that is transcribed to messenger RNA (mRNA), which is then
used to direct protein synthesis. RNA viruses usually use the RNA core as a template for synthesis of
viral genomic RNA and mRNA. The viral mRNA directs the host cell to synthesize viral enzymes and
capsid proteins, and to assemble new virions. Of course, there are exceptions to this pattern. If a host
cell does not provide the enzymes necessary for viral replication, viral genes supply the information to
direct synthesis of the missing proteins. Retroviruses, such as HIV, have an RNA genome that must be
reverse transcribed into DNA, which then is incorporated into the host cell genome.

To convert RNA into DNA, retroviruses must contain genes that encode the virus-specific enzyme
reverse transcriptase, which transcribes an RNA template to DNA. Reverse transcription never occurs
in uninfected host cells; the needed enzyme, reverse transcriptase, is only derived from the expression
of viral genes within the infected host cells. The fact that HIV produces some of its own enzymes not
found in the host has allowed researchers to develop drugs that inhibit these enzymes. These drugs,
including the reverse transcriptase inhibitor AZT, inhibit HIV replication by reducing the activity of the
enzyme without affecting the host's metabolism. This approach has led to the development of a
variety of drugs used to treat HIV and has been effective at reducing the number of infectious virions
(copies of viral RNA) in the blood to undetectable levels in many HIV-infected individuals.

Egress

The last stage of viral replication is the release of the new virions produced in the host organism. They
are then able to infect adjacent cells and repeat the replication cycle. As you have learned, some
viruses are released when the host cell dies, while other viruses can leave infected cells by budding
through the membrane without directly killing the cell.

Tissue Tropism in Animal Viruses

Host tropism refers to the way in which viruses/pathogens determine which cells become infected by
a given pathogen. An example is how Rabies virus affects primarily neuronal tissue.

A tropism is a biological phenomenon, indicating growth or turning movement of a biological
organism in response to an environmental stimulus. In tropisms, this response is dependent on the
direction of the stimulus (as opposed to nastic movements which are non-directional responses).
Viruses and other pathogens also affect what is called "host tropism" or "cell tropism. " Case tropism
refers to the way in which different viruses/pathogens have evolved to preferentially target specific
host species or specific cell types within those species.
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Host tropism is the name given to a process of tropism that determines which cells can become
infected by a given pathogen. Host tropism is determined by the biochemical receptor complexes on
cell surfaces that are permissive or nonpermissive to the docking or attachment of various viruses.

Various factors determine the ability of a pathogen to infect a particular cell. For example, viruses
must bind to specific cell surface receptors to enter a cell. If a cell does not express these receptors
then the virus cannot normally infect it. Viral tropism is determined by a combination of susceptibility
and permissiveness: a host cell must be both permissive (allow viral entry) and susceptible (possess
the receptor complement needed for viral entry) for a virus to establish infection. An example of this is
the HIV virus, which exhibits tropism for CD4 related immune cells (e.g. T helper cells, macrophages or
dendritic cells). These cells express a CD4 receptor, to which the HIV virus can bind, through the gp120
and gp41 proteins on its surface.

Gardasil is a human papillomavirus vaccine on the market and it
protects against HPV-16 and HPV-18, which cause 70% of cervical
cancers, 80% of anal cancers, 60% of vaginal cancers, and 40% of
vulvar cancers.

In virology, Tissue tropism is the cells and tissues of a host that
support growth of a particular virus or bacteria. Some viruses
have a broad tissue tropism and can infect many types of cells
and tissues. Other viruses may infect primarily a single tissue.
Factors influencing viral tissue tropism include: 1) the presence
of cellular receptors permitting viral entry, 2) availability of
transcription factors involved in viral replication, 3) the
molecular nature of the viral tropogen, and 4) the cellular

receptors are the proteins found on a cell or viral surface.
Figure 5.21 Human papillomavirus

vaccine

These receptors are like keys allowing the viral cell to fuse with a cell or attach itself to a cell. The way
that these proteins are acquired is through similar process to that of an infection cycle.

Chapter5 5-26



http://creativecommons.org/licenses/by-sa/4.0/

d

CD4-Receptor
\ Cell membrane
AAAAAY Y Y Y
/ N\
Reverse i 2
Synthesizes RNA v
into DNA AYAYATAYAYAS Virus RNA
¢ Double-
Integrase stranded
Integrates wral DNA
DNA into the —
cell genome

|/(7-—""

Cuts up

/ > i Integration \

Do,

Transcription /
\ J_.-'r1'-.\’_.rﬁ'\_".rP‘\v’_.-'A\‘_’__r'n‘\“vj_;‘"\\\ /
~. /
Viral RNA leaves + Cytoplasm
the nucleus o
ri \ l .-' \ ." LY ¥i ‘\v."' \\‘.
Translation
) Virus

Protease Virus protein RNA

the prﬂteinﬂ
\ Reconstruction « J J

Cell
\ ~Nucleus

Chapter5

5-27


http://creativecommons.org/licenses/by-sa/4.0/

5.5.3 Animal Viruses

Animal viruses have their genetic material copied by a host cell after which they are released into the
environment to cause disease.

Animal viruses, unlike the viruses of plants and bacteria, do not have to penetrate a cell wall to gain
access to the host cell. Non-enveloped or "naked" animal viruses may enter cells in two different
ways. When a protein in the viral capsid binds to its receptor on the host cell, the virus may be taken
inside the cell via a vesicle during the normal cell process of receptor-mediated endocytosis. An
alternative method of cell penetration used by non-enveloped viruses is for capsid proteins to
undergo shape changes after binding to the receptor, creating channels in the host cell membrane.
The viral genome is then "injected" into the host cell through these channels in a manner analogous
to that used by many bacteriophages. Enveloped viruses also have two ways of entering cells after
binding to their receptors: receptor-mediated endocytosis and fusion. Many enveloped viruses enter
the cell by receptor-mediated endocytosis in a fashion similar to some non-enveloped viruses. On the
other hand, fusion only occurs with enveloped virions. These viruses, which include HIV among
others, use special fusion proteins in their envelopes to cause the envelope to fuse with the plasma
membrane of the cell, thus releasing the genome and capsid of the virus into the cell cytoplasm.

After making their proteins and copying their genomes, animal viruses complete the assembly of new
virions and exit the cell. Using the example of HIV, enveloped animal viruses may bud from the cell
membrane as they assemble themselves, taking a piece of the cell's plasma membrane in the process.
On the other hand, non-enveloped viral progeny, such as rhinoviruses, accumulate in infected cells
until there is a signal for lysis or apoptosis, and all virions are released together.

Animal viruses are associated with a variety of human diseases. Some of them follow the classic
pattern of acute disease, where symptoms worsen for a short period followed by the elimination of
the virus from the body by the immune system with eventual recovery from the infection. Examples of
acute viral diseases are the common cold and influenza. Other viruses cause long-term chronic
infections, such as the virus causing hepatitis C, whereas others, like herpes simplex virus, cause only
intermittent symptoms. Still other viruses, such as human herpesvirus 6 and 7, which in some cases
can cause the minor childhood disease roseola, often successfully cause productive infections
without causing any symptoms at all in the host; these patients have an asymptomatic infection.

In hepatitis C infections, the virus grows and reproduces in liver cells, causing low levels of liver
damage. The damage is so low that infected individuals are often unaware that they are infected, with
many infections only detected by routine blood work on patients with risk factors such as intravenous
drug use. Since many of the symptoms of viral diseases are caused by immune responses, a lack of
symptoms is an indication of a weak immune response to the virus. This allows the virus to escape
elimination by the immune system and persist in individuals for years, while continuing to produce
low levels of progeny virions in what is known as a chronic viral disease. Chronic infection of the liver
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by this virus leads to a much greater chance of developing liver cancer, sometimes as much as 30
years after the initial infection.

As mentioned, herpes simplex virus can remain in a state of latency in nervous tissue for months, even
years. As the virus "hides" in the tissue and makes few if any viral proteins, there is nothing for the
immune response to act against; immunity to the virus slowly declines. Under certain conditions,
including various types of physical and psychological stress, the latent herpes simplex virus may be
reactivated and undergo a lytic replication cycle in the skin, causing the lesions associated with the
disease. Once virions are produced in the skin and viral proteins are synthesized, the immune
response is again stimulated and resolves the skin lesions in a few days by destroying viruses in the
skin. As a result of this type of replicative cycle, appearances of cold sores and genital herpes
outbreaks only occur intermittently, even though the viruses remain in the nervous tissue for life.
Latent infections are common with other herpes viruses as well, including the varicella-zoster virus
that causes chickenpox. After having a chickenpox infection in childhood, the varicella-zoster virus
can remain latent for many years and reactivate in adults to cause the painful condition known as
"shingles" .

Figure 5.23 Chicken pox virus

(a) Varicella-zoster, the virus that causes chickenpox, has an enveloped icosahedral capsid visible in
this transmission electron micrograph. Its double-stranded DNA genome incorporates into the host
DNA and reactivates after latency in the form of (b) shingles, often exhibiting a rash.
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5.6 Sub viral Entities

5.6.1 Defective Viruses

Replication defective viruses (also known as satellites) are those that need the presence of other
viruses to help them reproduce.

An example is the hepatitis delta virus of humans has an RNA genome similar to viroids, but has a
protein coat derived from hepatitis B virus and cannot produce one of its own. Therefore, itis a
defective virus and cannot replicate without the help of hepatitis B virus.

Virologists also study sub viral particles, infectious entities notably smaller and simpler than viruses:

=> viroids (naked circular RNA molecules infecting plants)

- satellites (nucleic acid molecules with or without a capsid that require a helper virus for
infection and reproduction)

= prions (proteins that can exist in a pathological conformation that induces other prion
molecules to assume that same conformation)

Not all viruses can reproduce in a host cell by themselves. Since viruses are so small, the size of their
genome is limited. For example, some viruses have coded instructions for only making a few different
proteins for the viruses' capsid. On the other hand, the human genome codes for over 30,000 different
proteins. Therefore, the lack of coded instructions causes some viruses to need the presence of other
viruses to help them reproduce themselves. Such viruses are called replication defective.

Satellites depend on co-infection of a host cell with a helper virus for productive multiplication. Their
nucleic acids have substantially distinct nucleotide sequences from either their helper virus or host.
When a satellite sub viral agent encodes the coat protein in which it is encapsulated, it is then called a
satellite virus. Satellite viral particles should not be confused with satellite DNA.

The hepatitis delta virus of humans has an RNA genome similar to viroids, but has a protein coat
derived from hepatitis B virus and cannot produce one of its own. Therefore, it is a defective virus and
cannot replicate without the help of hepatitis B virus. In similar manner, the sputnik virophage is
dependent on mimivirus, which infects the protozoan Acanthamoeba castellanii. These viruses that
are dependent on the presence of other virus species in the host cell are called satellites. They may
represent evolutionary intermediates of viroids and viruses.

Hepatitis D, also referred to as hepatitis D virus (HDV) and classified as Hepatitis delta virus, is a
disease caused by a small circular enveloped RNA virus. It is one of five known hepatitis viruses: A, B,
C, D, and E. HDV is considered to be a sub viral satellite because it can only propagate in the presence
of the hepatitis B virus (HBV). Transmission of HDV can occur either via simultaneous infection with
HBV (coinfection) or superimposed on chronic hepatitis B or hepatitis B carrier state (super infection).
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Both super infection and coinfection
with HDV results in more severe
complications compared to infection
with HBV alone. These complications
include a greater likelihood of
experiencing liver failure in acute
infections and a rapid progression to
liver cirrhosis, with an increased
chance of developing liver cancer in
chronicinfections . In combination

with hepatitis B virus, hepatitis D has
the highest mortality rate of all the
hepatitis infections of 20%.

5.6.2 Viroids

Viroids are plant pathogens without the protein coat that is typical for viruses.

An example is the avocado sun blotch viroid (ASBV) is an important disease affecting avocado trees.
Infections result in lower yields and poorer quality fruit. ASBV is the smallest known viroid that infects
plants and is transmitted by pollen and infected seeds or budwood. Trees infected with the viroid
often show no symptoms other than a reduction in yield. However, they are still carriers and can pass
the disease onto other plants.

Viroids are plant pathogens that consist of a short stretch (a few hundred nucleobases) of highly
complementary, circular, single-stranded RNA without the protein coat that is typical for viruses. In
comparison, the genome of the smallest known viruses capable of causing an infection by themselves
is around 2 kilobases in size. The human pathogen hepatitis D virus is similar to viroids. Viroids are
extremely small in size, ranging from 246 to 467 nucleotide (nt) long genome and consisting of fewer
than 10,000 atoms. Viroids were discovered and given this name by Theodor Otto Diener, a plant
pathologist at the Agricultural Research Service in Maryland, in 1971.

Viroid RNA does not code for any protein. The replication mechanism involves RNA polymerase Il, an
enzyme normally associated with synthesis of messenger RNA from DNA, which instead catalyzes
"rolling circle" synthesis of new RNA using the viroid RNA as template. Some viroids are ribozymes,
having catalytic properties that allow self-cleavage and ligation of unit-size genomes from larger
replication intermediates. The first viroid to be identified was the potato spindle tuber viroid (PSTVd) .
Some 33 species have been identified.
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Figure 5.25 Putative secondary structure of the potato spindle tuber viroid.

Black - secondary structure of the viroid red - GAAAC sequence common to all viroids yellow - central
conservative sequence blue - nucleotide numbers

There has long been confusion over how viroids are able to induce symptoms in plants without
encoding any protein products within their sequences. Evidence now suggests that RNA silencing is
involved in the process. First, changes to the viroid genome can dramatically alter its virulence. This
reflects the fact that any siRNAs produced would have less complementary base pairing with target
messenger RNA. Secondly, siRNAs corresponding to sequences from viroid genomes have been
isolated from infected plants. Finally, transgenic expression of the noninfectious hpRNA of potato
spindle tuber viroid develops all the corresponding viroid like symptoms. This evidence indicates that
when viroids replicate via a double stranded intermediate RNA, they are targeted by a dicer enzyme
and cleaved into siRNAs that are then loaded onto the RNA-induced silencing complex. The viroid
siRNAs actually contain sequences capable of complementary base pairing with the plant's own
messenger RNAs and induction of degradation or inhibition of translation is what causes the classic
viroid symptomes.

5.6.3 Virusoids

Virusoids are circular single-stranded RNAs dependent on plant viruses for replication and
encapsidation. The genome of virusoids consists of several hundred nucleotides and only encodes
structural proteins. Virusoids are similar to viroids in size, structure, and means of replication.
Virusoids, while being studied in virology, are not considered as viruses but as sub viral particles.
Since they depend on helper viruses, they are classified as satellites.

The Pospiviroidae are a family of viroids, including the first viroid to be discovered, PSTVd. Their
secondary structure is key to their biological activity. The classification of this family is based on
differences in the conserved central region sequence. Pospiviroidae replication occursin an
asymmetric fashion via host cell RNA polymerase, RNase, and RNA ligase.

The Avsunviroidae are a family of viroids. At present three members are known. They consist of RNA
genomes between 246-375 nucleotides in length. They are single stranded covalent circles and have
intramolecular base pairing. All members lack a central conserved region. Replication occurs in the
chloroplasts of plant cells. Key features of replication include no helper virus required and no proteins
are encoded for. Unlike the other family of viroids, Pospiviroidae, Avsunviroidae are thought to
replicate via a symmetrical rolling mechanism. It is thought the positive RNA strand acts as a template
to form negative strands with the help of an enzyme thought to be RNA polymerase Il. The negative
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RNA strands are then cleaved by ribozyme activity and circularizes. A second rolling circle mechanism
forms a positive strand which is also cleaved by ribozyme activity and then ligated to become circular.
The site of replication is unknown, but it is thought to be in the chloroplast and in the presence of
Mg2+ ions.

Avocado sun blotch viroid (ASBV) is an important disease affecting avocado trees. Infections result in
lower yields and poorer quality fruit. ASBV is the smallest known viroid that infects plants and is
transmitted by pollen and infected seeds or budwood. Trees infected with the viroid often show no
symptoms other than a reduction in yield. However, they are still carriers and can pass the disease
onto other plants. Symptoms in more serious infections include depressed longitudinal streaks of
yellow in the fruit. The fruit may also become red or white in color. Symptoms in the leaf are
uncommon, but include bleached veins and petioles. Rectangular cracking patterns also occur in the
bark of older branches. Infected but symptomless trees have a higher concentration of viroid particles
than those showing symptoms. Symptomless trees also represent a greater danger in terms of spread
of the viroid.

5.6.4 Prions

A prionis an infectious agent composed of protein in a misfolded form. This is the central idea of the
Prion Hypothesis, which remains debated. This is in contrast to all other known infectious agents
(virus/bacteria/fungus/parasite) that must contain nucleic acids (either DNA, RNA, or both).

The word prion, coined in 1982 by Stanley B. Prusiner, is derived from the words protein and infection.
Prions are responsible for the transmissible spongiform encephalopathies in a variety of mammals,
including bovine spongiform encephalopathy (BSE, also known as "mad cow disease") in cattle and
Creutzfeldt-Jakob disease (CJD) in humans. All known prion diseases affect the structure of the brain
or other neural tissue, are currently untreatable and universally fatal.

This micrograph of brain tissue reveals the
cytoarchitectural histopathologic changes found in
bovine spongiform encephalopathy. The presence of
vacuoles, i.e. microscopic "holes" in the gray matter,
gives the brain of BSE-affected cows a sponge-like
appearance when tissue sections are examined in
the lab.

hgu re 5.26 Prion-affected tissue
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Prions propagate by transmitting a misfolded protein state. When a prion enters a healthy organism,
it induces existing, properly folded proteins to convert into the disease-associated prion form; it acts
as a template to guide the misfolding of more proteins into prion form. These newly formed prions
can then go on to convert more proteins themselves; triggering a chain reaction. All known prions
induce the formation of an amyloid fold, in which the protein polymerises into an aggregate
consisting of tightly packed beta sheets. Amyloid aggregates are fibrils, growing at their ends, and
replicating when breakage causes two growing ends to become four growing ends.

The incubation period of prion diseases is determined by the exponential growth rate associated with
prion replication, which is a balance between the linear growth and the breakage of aggregates.
Propagation of the prion depends on the presence of normally folded protein in which the prion can
induce misfolding; animals which do not express the normal form of the prion protein cannot develop
nor transmit the disease.

All known mammalian prion diseases are caused by the so-called prion protein, PrP. The endogenous,
properly folded form is denoted PrPC (for Common or Cellular) while the disease-linked, misfolded
form is denoted PrPSc (for Scrapie, after one of the diseases first linked to prions and
neurodegeneration. ) The precise structure of the prion is not known, though they can be formed by
combining PrPC, polyadenylic acid, and lipids in a Protein Misfolding Cyclic Amplification (PMCA)
reaction.

5.7 Viral Diversity

5.7.1 Overview of Bacterial Viruses

Bacteriophages (phages) are potentially the most
numerous "organisms" on Earth. They are among the most
common and diverse entities in the biosphere. They are
the viruses of bacteria (more generally, of prokaryotes).
Phages are obligate intracellular parasites, meaning that
they are able to reproduce only while infecting bacteria.
Bacteriophages are comprised of proteins that
encapsulate a DNA or RNA genome, and may have
relatively simple or elaborate structures. Their genomes
may encode as few as four genes, and as many as

hundreds of genes. Phages replicate within bacteria

following the injection of their genome into the cytoplasm. , o ,
Figure 5.27 Artistic rendering of the

structure of a myovirus bacteriophage
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Phage-ecological interactions are quantitatively vast. Bacteria (along with archaea) are highly diverse,
with possibly millions of species. Phage-ecological interactions are also qualitatively diverse. There
are huge numbers of environment types, bacterial-host types, and also individual phage types.
Bacteriophages occur in over 140 bacterial or archaeal genera. They arose repeatedly in different
hosts and there are at least 11 separate lines of descent. Over 5100 bacteriophages have been
examined in the electron microscope since 1959. Of these, at least 4950 phages (96%) have tails. Of
the tailed phages 61% have long, non-contractile tails (Siphoviridae). Tailed phages appear to be
monophyletic and are the oldest known virus group.

Phages are widely distributed in locations populated by bacterial hosts, such as soil or the intestines
of animals. One of the densest natural sources for phages and other viruses is seawater, where up to
9x108 virions per milliliter have been found in microbial mats at the surface. Up to 70% of marine
bacteria may be infected by phages.

The dsDNA tailed phages, or Caudovirales, account for 95% of all the phages reported in the scientific
literature, and possibly make up the majority of phages on the planet. However, other phages occur
abundantly in the biosphere, with different virions, genomes and lifestyles. Phages are classified by
the International Committee on Taxonomy of Viruses (ICTV) according to morphology and nucleic
acid.

Nineteen families are currently recognised that infect bacteria and archaea. Of these, only two
families have RNA genomes and only five families are enveloped. Of the viral families with DNA
genomes, only two have single-stranded genomes. Eight of the viral families with DNA genomes have
circular genomes, while nine have linear genomes. Nine families infect bacteria only, nine infect
archaea only, and one (Tectiviridae) infects both bacteria and archaea.

Bacteriophages may have a lytic cycle or a lysogenic cycle, and a few viruses are capable of carrying
out both. With lytic phages such as the T4 phage, bacterial cells are broken open (lysed) and
destroyed after immediate replication of the virion. As soon as the cell is destroyed, the phage
progeny can find new hosts to infect.

In contrast, the lysogenic cycle does not result in immediate lysing of the host cell. Those phages able
to undergo lysogeny are known as temperate phages. Their viral genome will integrate with host DNA
and replicate along with it fairly harmlessly, or may even become established as a plasmid. The virus
remains dormant until host conditions deteriorate, perhaps due to depletion of nutrients; then, the
endogenous phages (known as prophages) become active. At this point they initiate the reproductive
cycle, resulting in lysis of the host cell. As the lysogenic cycle allows the host cell to continue to survive
and reproduce, the virus is reproduced in all of the cell's offspring. An example of a bacteriophage
known to follow the lysogenic cycle and the lytic cycle is the phage lambda of E. coli.
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To enter a host cell, bacteriophages attach to specific
receptors on the surface of bacteria, including
lipopolysaccharides, teichoic acids, proteins, or even
flagella. This specificity means a bacteriophage can
infect only certain bacteria bearing receptors to which
they can bind, which in turn determines the phage's
host range. Host growth conditions also influence the
ability of the phage to attach and invade them.

Phages may be released via cell lysis, by extrusion, or,
in a few cases, by budding. Lysis, by tailed phages, is

achieved by an enzyme called endolysin, which attacks
and breaks down the cell wall peptidoglycan. An
altogether different phage type, the filamentous
phages, make the host cell continually secrete new
virus particles. Budding is associated with certain
Mycoplasma phages.

Bacteriophage genomes are especially mosaic: the genome of any one phage species appears to be
composed of numerous individual modules. These modules may be found in other phage speciesin
different arrangements. Mycobacteriophages - bacteriophages with mycobacterial hosts - have
provided excellent examples of this mosaicism. In these mycobacteriophages, genetic assortment
may be the result of repeated instances of site-specific recombination and illegitimate recombination
(the result of phage genome acquisition of bacterial host genetic sequences).

5.7.2 Viruses of Archaea

Most viruses infecting Archaea are double-stranded DNA viruses that are unrelated to any other form
of virus.

- Archaea can be infected by double-stranded DNA viruses that are unrelated to any other form
of virus and have a variety of unusual shapes. These viruses have been studied in most detail
in thermophiles, particularly the orders Sulfolobales and Thermoproteales.

- Although around 50 archaeal viruses are known, all but two have double stranded genomes;
two groups of single-stranded DNA viruses that infect archaea have been recently isolated.

- Defenses against these ssDNA viruses may involve RNA interference from repetitive DNA
sequences that are related to the genes of the viruses.
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Cell of Sulfolobus infected by virus STSV1
observed under microscopy. Two spindle-shaped
viruses were being released from the host cell.
The strain of Sulfolobus and STSV1 (Sulfolobus
tengchongensis Spindle-shaped Virus 1) were
isolated by Xiaoyu Xiang and his colleaguesin an
acidic hot spring in Yunnan Province, China. At
present, STSV1 is the largest archaeal virus to
have been isolated and studied. Its genome
sequence has been sequenced.

5.7.3 Positive-Strand RNA Viruses of Animals

Positive strand RNA viruses are the single largest group of RNA viruses with 30 families.

Single stranded RNA viruses can be classified according to the sense or polarity of their RNA into
negative-sense and positive-sense, or ambisense RNA viruses. Positive-sense viral RNA is similar to
mRNA and thus can be immediately translated by the host cell. Negative-sense viral RNA is
complementary to mRNA and thus must be converted to positive-sense RNA by an RNA polymerase
before translation. As such, purified RNA of a positive-sense virus can directly cause infection though
it may be less infectious than the whole virus particle. Purified RNA of a negative-sense virus is not
infectious by itself as it needs to be transcribed into positive-sense RNA; each virion can be
transcribed to several positive-sense RNAs. Ambisense RNA viruses resemble negative-sense RNA
viruses, except they also translate genes from the positive strand. A common viral positive-strand RNA
viruses that infect humans are the Picornaviruses.

A picornavirus is a virus belonging to the family Picornaviridae. Picornaviruses are nonenveloped,
positive-stranded RNA viruses with an icosahedral capsid. The genome RNA is unusual because it has
a protein on the 5' end that is used as a primer for transcription by RNA polymerase. The name is
derived from pico, meaning small, and RNA, referring to the ribonucleic acid genome, so
"picornaviruses" literally means small RNA virus. Picornaviruses are separated into a number of
genera and include many important pathogens of humans and animals. The diseases they cause are
varied, ranging from acute "common-cold"-like illnesses, to poliomyelitis, to chronic infections in
livestock. Additional species not belonging to any of the recognized genera continue to be described.
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Foot and Mouth Disease is
caused by the Aphthovirus
virus which positive-strand
RNA virus, of the
Picornaviridae family of
animal viruses.

Picornaviruses are separated into a number of genera. Contained within the picornaviruses family are
many organisms of importance as vertebrate and human pathogens, shown in the table below.
Enteroviruses infect the enteric tract, which is reflected in their name. On the other hand, rhinoviruses
infect primarily the nose and the throat. Enteroviruses replicate at 37°C, whereas rhinoviruses grow
better at 33°C, as this is the lower temperature of the nose. Enteroviruses are stable under acid
conditions and thus they are able to survive exposure to gastric acid. In contrast, rhinoviruses are
acid-labile (inactivated or destroyed by low pH conditions) and that is the reason why rhinovirus
infections are restricted to the nose and throat.

5.7.4 Negative-Strand RNA Viruses of Animals

Negative-strand RNA viruses are single-stranded viruses that can infect several types of animals.

- Negative-strand RNA viruses can infect animals, but in several cases they can go from animals
into humans, such as the SARS virus or the Ebola Zaire virus.

=> The virion RNA is negative sense (complementary to mRNA and cannot encode proteins), so it
must therefore be copied into the complementary plus-sense mRNA before proteins can be
made. This is carried out by an RNA-dependent RNA-polymerase.

- Negative-strand viruses can be found in many niches of Earth and are responsible for many
common and very deleterious diseases of animals.

The study of animal viruses is important from a veterinary viewpoint, but many animal viruses are
also important from a human medical perspective. The emergence of the SARS virus or Ebola Zaire
virus in the human population, coming from an animal source, highlights the importance of animals
in bearing infectious agents. In addition, research into animal viruses has made an important
contribution to our understanding of viruses in general, including their replication, molecular biology,
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evolution, and interaction with the host. Animal RNA viruses can be classified according to the sense
or polarity of their RNA into negative-sense, positive-sense, or ambisense RNA viruses.

The RNA found in a negative-sense virus is not infectious by itself, as it needs to be transcribed into
positive-sense RNA. The complementary plus-sense mRNA must be made before proteins can be
translated from the viral genome. This RNA negative-strand to positive-strand copying is carried out
by an RNA-dependent RNA-polymerase. Thus, besides needing to code for an RNA-dependent RNA-
polymerase, these viruses also need to package it in the virion so that they can make mRNAs upon
infecting the cell. Each virion that has one negative-strand copy can be transcribed to several positive-
sense RNAs. There are several different types of negative-strand RNA viruses that infect animals; two
families will be discussed here in further detail.

Rhabdoviruses are a diverse family of single-stranded, negative-sense RNA viruses that can
successfully utilize a myriad of ecological niches, ranging from plants and insects, to fish and
mammals. This virus family includes pathogens—the rabies virus, vesicular stomatitis virus, potato
yellow dwarf virus, etc.—that are of tremendous public health, veterinary, and agricultural
significance. Due to the relative simplicity of their ggnomes and morphology, in recent years
rhabdoviruses have become powerful model systems for studying molecular virology .

Paramyxoviruses are a diverse family of nonsegmented negative-strand RNA viruses that include
many highly pathogenic viruses affecting humans, animals, and birds. In recent years the advent of
reverse genetics has led to a greater understanding of their genomics, molecular biology, and viral
pathogenesis. Paramyxoviruses cause a range of diseases in animal species: canine distemper virus
(dogs), phocine distemper virus (seals), cetacean morbillivirus (dolphins and porpoises), Newcastle
disease virus (birds), and rinderpest virus (cattle). Some paramyxoviruses, such as the henipaviruses,
are zoonotic pathogens, occurring naturally in an animal host, but also able to infect humans.
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Figure 5.31 Rabies

Note the saliva dripping from the dog's mouth, a typical sign of a rabies infection. The infection of
domestic animals with rabies was common until the 1960s; now most instances of rabies-infected
animals are found in the wild.

Influenza Virus Attachment and Entry to the Host Cell

For influenza viral propagation to begin, there first must be virion attachment and entry into a host
cell.

In general terms, a negative-strand RNA viral infection begins with the attachment of the virus to the
host. First, a glycoprotein (G) on the surface of the virion coat acts as the attachment protein that
binds to a receptor on the host cell surface. The attached virus is taken up by endocytosis. The
membrane of the virus fuses with the endosomal membrane (the acid pH of endosome is important
because the G protein needs to be exposed to acid pH before it can facilitate fusion). As a result of the
fusion between the viral membrane and the endosomal membrane, the nucleocapsid is released into
cytoplasm.

One of the best understood examples of this process is the influenza viral infection. The glycoprotein
responsible for attachment on the surface of an influenza viral particle is hemagglutinin (HA). HAis an
antigenic glycoprotein. It is responsible for binding the virus to the cell that is being infected. HA
proteins bind to cells with sialic acid on the membranes, such as cells in the upper respiratory tract or
erythrocytes.
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HA has two functions. First, it allows the recognition of target vertebrate cells, accomplished through
the binding of these cells' sialic acid-containing receptors. Second, once bound, it facilitates the entry
of the viral genome into the target cells by causing the fusion of the host endosomal membrane with
the viral membrane. HA binds to the monosaccharide sialic acid that is present on the surface of its
target cells, which causes the viral particles to stick to the cell's surface. The cell membrane then
engulfs the virus and the portion of the membrane that encloses it pinches off to form a new
membrane-bound compartment within the cell called an endosome, which contains the engulfed
virus. The cell then attempts to begin digesting the contents of the endosome by acidifying its interior
and transforming it into a lysosome.

However, as soon as the pH within the endosome drops to about 6.0, the original folded structure of
the HA molecule becomes unstable, causing it to partially unfold and release a very hydrophobic
portion of its peptide chain that was previously hidden within the protein. This so-called "fusion
peptide" acts like a molecular grappling hook by inserting itself into the endosomal membrane and
locking on. Then, when the rest of the HA molecule refolds into a new structure (which is more stable
at the lower pH), it "retracts the grappling hook" and pulls the endosomal membrane right up next to
the virus particle's own membrane, causing the two to fuse together. Once this has happened, the
contents of the virus, including its RNA genome, are free to pour out into the cell's cytoplasm.

Replicative Cycle of Influenza A

Influenza A follows the typical life cycle of most influenza virus: infection and replication are a multi-
step process.

Influenza A follows the typical life cycle of most influenza viruses. The infection and replication is a
multi-step process:

= Binding to and entering the cell
- Delivering the genome to a site where it can produce new copies of viral proteins and RNA

- Assembling these components into new viral particles
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= Exiting the host cell

Influenza viruses bind through hemagglutinin onto sialic acid sugars on the surfaces of epithelial cells,
typically in the nose, throat, and lungs of mammals, and the intestines of birds (Step 1 in infection
figure ). After the hemagglutinin is cleaved by a protease, the cell imports the virus by endocytosis.
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The intracellular details are still being worked out. It is known that virions converge to the
microtubule organizing center, interact with acidic endosomes, and finally enter the target
endosomes for genome release. Once inside the cell, the acidic conditions in the endosome cause two
events to happen:

1. The hemagglutinin protein fuses the viral envelope with the vacuole's membrane.

2. The M2 ion channel allows protons to move through the viral envelope and acidify the core of
the virus, which causes the core to disassemble and release the viral RNA and core proteins.

The viral RNA (VRNA) molecules, accessory proteins, and RNA-dependent RNA polymerase are then
released into the cytoplasm (Step 2 in figure). These core proteins and vVRNA form a complex that is
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transported into the cell nucleus, where the RNA-dependent RNA polymerase begins transcribing
complementary positive-sense VRNA (Steps 3a and b in figure).

The VRNA either enters into the cytoplasm and translated (Step 4) or remains in the nucleus. Newly
synthesized viral proteins are either secreted through the Golgi apparatus onto the cell surface (in the
case of neuraminidase and hemagglutinin, Step 5b) or transported back into the nucleus to bind vRNA
and form new viral genome particles (Step 5a).

Other viral proteins have multiple actions in the host cell—including degrading cellular mRNA and
using the released nucleotides for vRNA synthesis, and also inhibiting translation of host-cell mRNAs.

Negative-sense VRNAs that form the genomes of future viruses, RNA-dependent RNA polymerase, and
other viral proteins are assembled into a virion. Hemagglutinin and neuraminidase molecules cluster
into a bulge in the cell membrane. The vRNA and viral core proteins leave the nucleus and enter this
membrane protrusion (Step 6). The mature virus buds off from the cell in a sphere of the host
phospholipid membrane, acquiring hemagglutinin and neuraminidase with this membrane coat (Step
7). As before, the viruses adhere to the cell through hemagglutinin; the mature viruses detach once
their neuraminidase has cleaved sialic acid residues from the host cell. Drugs that inhibit
neuraminidase, such as oseltamivir, therefore prevent the release of new infectious viruses and halt
viral replication. After the release of new influenza viruses, the host cell dies.

5.7.5 Double-Stranded RNA Viruses: Retroviruses

Retroviruses are viruses that are able to reverse transcribe their RNA genome into DNA, which is then
integrated into a host genome. A retrovirus is an RNA virus that is duplicated in a host cell using the
reverse transcriptase enzyme to produce DNA from its RNA genome. The DNA is then incorporated
into the host's genome by an integrase enzyme. The virus thereafter replicates as part of the host
cell's DNA. Retroviruses are enveloped viruses that belong to the viral family Retroviridae. A special
variant of retroviruses are endogenous retroviruses, which are integrated into the genome of the host
and inherited across generations. Endogenous retroviruses are a type of transposon.

The virus itself stores its nucleic acid in the form of an mMRNA genome and serves as a means of
delivering that genome into cells it targets as an obligate parasite (a parasite that cannot live without
its host). That process of delivering the genome into cells constitutes the infection. Once in the host's
cell, the RNA strands undergo reverse transcription in the cytoplasm and are integrated into the host's
genome, at which point the retroviral DNA is referred to as a provirus. It is difficult to detect the virus
until it has infected the host, where the provirus can stay for months, even years, before becoming
active and making new infectious viral particles.

In most viruses, DNA is transcribed into RNA, and then RNA is translated into protein. Retroviruses,
however, function differently. Their RNA is reverse-transcribed into DNA, which is integrated into the
host cell's genome (when it becomes a provirus), and then undergoes the usual transcription and
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translation processes to express the genes carried by the virus. So, the information contained in a
retroviral gene is used to generate the corresponding protein via the sequence: RNA > DNA > RNA >
protein. Retroviruses can be pathogens of many different hosts, including humans. A notable
retrovirus is human immunodeficiency virus (HIV), the virus responsible for acquired
immunodeficiency syndrome (AIDS). As well as infecting a host, some retroviruses can cause cancer.
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Figure 5.34 HIV viral life cycle

This diagram depicts the viral life cycle of HIV, from infection, integration into a host genome,
reconstruction, and formation of new viral particles. The inset on the left depicts an individual HIV
particle.

HIV Attachment and Host Cell Entry
The attachment and fusion of HIV virions to host cells are crucial to HIV infection.

HIV entry is the earliest stage of infection in the HIV viral life cycle, occurring when the HIV virus comes
into contact with the host cell and introduces viral material into the cell. HIV enters macrophages and
CD4-positive T cells (CD4 is a glycoprotein receptor found on cells) by the adsorption of glycoproteins
on its surface to receptors on the target cell, followed by fusion of the viral envelope with the cell
membrane and the release of the HIV capsid into the cell.
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Steps in the HIV Replication Cycle: Fusion
of the HIV cell to the host cell surface. Cell
Entry, HIV RNA, reverse transcriptase,
integrase, and other viral proteins enter
the host cell. Viral DNA is formed by
reverse transcription. Viral DNA is
transported across the nucleus and
integrates into the host DNA. New viral
RNA is used as genomic RNA to make viral
proteins. New viral RNA and proteins
move to cell surface and a new,
immature, HIV virus forms. Virus
maturation and protease release of
individual HIV proteins.

Entry to the cell begins through
interaction of the trimeric envelope
complex and both CD4 and a chemokine
receptor on the host cell on the cell
surface. The HIV coat protein, gp120,
binds to integrin 0437, activating LFA-1
(the central integrin involved in the
establishment of bridges known as
"virological synapses"), which facilitates
efficient cell-to-cell spreading of HIV-1.

After attachment, the HIV virion must next fuse with the host cell. The first step in fusion begins after
the attachment of the CD4 binding domains of gp120 to CD4. Once gp120 is bound with the CD4
protein, the envelope complex undergoes a structural change, exposing the chemokine binding

domains of gp120 and allowing them to interact with the target chemokine receptor. This allows for a

more stable two-pronged attachment, which allows the N-terminal fusion peptide gp41 to penetrate

the cell membrane. Repeat sequences in gp41, known as HR1 and HR2, then interact, causing the

collapse of the extracellular portion of gp41 into a hairpin. This loop structure brings the virus and cell
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membranes close together, allowing fusion of the membranes and subsequent entry of the viral
capsid.

After HIV has bound to the target cell, the HIV RNA and various enzymes (including reverse
transcriptase, integrase, ribonuclease, and protease) are injected into the cell. Because HIV
attachment is critical for the HIV replication cycle, understanding the specific mechanisms through
which HIV attachment occurs has implications for potential treatments of HIV.

Replicative Cycle of HIV

HIV replication depends on a complex, coordinated series of events where the virus integrates into the
DNA of host cells.

Human immunodeficiency virus (HIV) is a lentivirus (a member of the retrovirus family) that causes
acquired immunodeficiency syndrome (AIDS). AIDS is a condition in humans in which progressive
failure of the immune system allows life-threatening opportunistic infections and cancers to thrive.

HIV can infect dendritic cells (DCs). DCs are one of the first cells encountered by the virus during sexual
transmission. They are currently thought to play an important role by transmitting HIV to T-cells when
the virus is captured in the mucosa by DCs . HIV enters macrophages and T cells by the adsorption of
glycoproteins on its surface to receptors on the target cell. This is followed by fusion of the viral
envelope with the cell membrane and the release of the HIV capsid into the cell.

Shortly after the viral capsid enters the cell, an enzyme called reverse transcriptase liberates the
single-stranded (+)RNA genome from the attached viral proteins and copies it into a complementary
DNA (cDNA) molecule. The process of reverse transcription is extremely error-prone, and the resulting
mutations may cause drug resistance or allow the virus to evade the body's immune system. The
reverse transcriptase also has ribonuclease activity that degrades the viral RNA during the synthesis of
cDNA, as well as DNA-dependent DNA polymerase activity that creates a sense DNA from the antisense
cDNA. Together, the cDNA and its complement form a double-stranded viral DNA that is then
transported into the cell nucleus.

This integrated viral DNA may then lie dormant, in the latent stage of HIV infection. To actively
produce the virus, certain cellular transcription factors need to be present. The most important of
these is NF-kB (NF kappa B), which is up regulated when T-cells become activated. This means that
those cells most likely to be killed by HIV are those currently fighting infection. During viral
replication, the integrated DNA provirus is transcribed into mRNA, which is then spliced into smaller
pieces. These small pieces are exported from the nucleus into the cytoplasm, where they are
translated into the regulatory proteins Tat (which encourages new virus production) and Rev.

As the newly produced Rev protein accumulates in the nucleus, it binds to viral mRNAs and allows
unspliced RNAs to leave the nucleus, where they are otherwise retained until spliced. At this stage, the
structural proteins Gag and Env are produced from the full-length mRNA. The full-length RNA is
actually the virus genome; it binds to the Gag protein and is packaged into new virus particles. The
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final step of the viral cycle, assembly of new HIV-1 virions, begins at the plasma membrane of the host
cell. The Env polyprotein goes through the endoplasmic reticulum and is transported to the Golgi
complex. There, it is cleaved by HIV protease and processed into the two HIV envelope glycoproteins,
gp41 and gp120. These are transported to the plasma membrane of the host cell where gp41 anchors
gp120 to the membrane of the infected cell. The Gag (p55) and Gag-Pol (p160) polyproteins also
associate with the inner surface of the plasma membrane along with the HIV genomic RNA as the
forming virion begins to bud from the host cell.

Maturation occurs either in the forming bud or in the immature virion after it buds from the host cell.
During maturation, HIV proteases cleave the polyproteins into individual functional HIV proteins. This
cleavage step can be inhibited by protease inhibitors. The various structural components then
assemble to produce a mature HIV virion. The mature virion is then able to infect another cell.

Replication of Double-Stranded DNA Viruses of Animals

DNA virus replication varies based on the involvement of host replication enzymes, with larger viruses
encoding their own polymerases. In order to produce a successful infection, all viruses need to ensure
replication of their own genome, and successfully package it into virions capable of infecting other
cells. DNA viruses have adapted two distinct methods of achieving this goal: either to hijack the host
cell’s replication machinery, or to encode for their own. As all host enzymes required for mRNA
synthesis and DNA replication are nuclear (except for those in mitochondrion), DNA viruses can be
classified as either nuclear replicating or cytoplasmic replicating.

Polyomaviruses, adenoviruses, and herpesviruses are all nuclear replicating DNA viruses, each with
their own specific approaches to replication.

Polyomaviruses

Polyomaviruses are small (~40 nm diameter), icosahedral, non-enveloped viruses that replicate in the
nucleus. Viral capsid proteins interact with cell surface receptors and penetration is probably via
endocytosis. Virions are transported to the nucleus and uncoated. DNA (and associated histones)
enters the nucleus, probably through a nuclear pore. The small genome of Polyomaviruses requires
use of host cell RNA synthesis and modification machinery, DNA synthesis machinery, and histones for
packaging DNA. All processes occur in the nucleus, with the exception of mRNA translation into viral
proteins, which occurs in the cytoplasm.
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Adenoviruses

Adenoviruses are nonenveloped, icosahedral
viruses with fibres attached at the vertices.
They are larger than Papovavirus (70 nm
diameter) with a genome about seven times
size of polyoma virus genome. Viral DNA likely
enters the nucleus through nuclear pores.
Adenovirus replication shares a large number of
similarities with polyoma viruses. Their gene
expression is divided into early and late
transcripts, relying on host enzymes for all RNA
transcription, post translational modification,
and mRNA translation. The primary difference
between these two viral families is that
adenoviruses encode for their own DNA

polymerase enzyme. Viral replication occurs
differently than with mammalian polymerases;
replication occurs via strand displacement (no
Okazaki fragments), with both strands
synthesized in a continuous fashion.
Additionally, host cell histones are not used to
package virion DNA in adenoviruses.

Herpesviruses

Herpesviruses enter host cells in a unique manner; many herpesviruses can fuse directly with the cell
plasma membrane, resulting in partial uncoating. This allows infected cells to potentially fuse with
other cells and form syncytia.

Herpes viruses use host RNA polymerase. However, a virion tegument protein (VP16) enters the
nucleus upon infection, and is important as part of the transcription factor complex recognized by the
host RNA polymerase. The virus uses host mRNA modification enzymes.

Herpes viruses undergo three phases of gene expression: immediate-early, early, and late. The
immediate early proteins are important in early gene expression. Some of these early genes, including
a viral DNA polymerase, DNA binding proteins, thymidine kinase, and ribonucleotide reductase, are
essential to viral replication.

Viral assembly occurs in the nucleus. A capsid is formed and the DNA enters the capsid. The capsids
acquire an envelope by budding through areas of the inner nuclear membrane, which have viral
membrane proteins inserted into them. These areas have tegument proteins associated with the
inner face of the inner nuclear membrane. The virus envelope then fuses with the outer nuclear
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membrane and the de-enveloped nucleocapsid is delivered into the cytoplasm, where it acquires a
more mature tegument. It then becomes re-enveloped by budding into Golgi-derived vesicles and is
then released.

Poxviruses

Poxviruses are distinctly different from other DNA viruses in that they replicate in the cytoplasm,
meaning that they must provide their own mRNA and DNA synthetic machinery.

Vaccinia is the most intensively studied member of the poxvirus family. The virus enters cells via
endocytosis or by direct fusion of the virus with the plasma membrane. The virus is then released into
the cytoplasm, minus its membrane. After the initial phase of uncoating has occurred, the virus can
make a limited number of immediate early mRNAs. To do this, poxviruses use a virally coded DNA-
dependent RNA polymerase to make their RNAs. Since this enzyme is needed immediately upon
infection, it must be brought into the infected cell with the Vaccinia DNA.

Vaccinia uses virally coded enzymes for all mRNA post-translational processes. The modifying
enzymes are packaged in virions, allowing mRNAs made immediately upon infection to be modified.
So far, no spliced mRNAs have been reported for Vaccinia.

Sites of vaccinia virus production, termed "factories", are seen throughout the cytoplasm. New,
immature virus particles acquire a membrane while in the cytoplasm; the exact mechanism is not
fully understood but it seems that the virus gets "wrapped" by cellular membranes. There is a gradual
maturation of enveloped particles. The virus is usually released by host cell disintegration, but some
may get out by budding through membranes (in which case they have an extra membrane). Both
forms appear to be infectious. The exact mechanism by which the virus gets out of infected cells may
depend on host cell type.

Double-Stranded DNA Viruses: Herpesviruses

Herpes viruses cause a wide range of latent, recurring infections including oral and genital herpes,
cytomegalovirus, and chicken pox.

Varicella zoster virus (VZV) is one of eight herpes viruses known to infect humans and other
vertebrates. It commonly causes chicken pox in children and adults, and herpes zoster (shingles) in
adults.

Herpesviridae is a large family of DNA viruses that cause diseases in animals, including humans. The
members of this family are also known as herpes viruses. The family name is derived from the Greek
word herpein ("to creep"), referring to the latent, recurring infections typical of this group of viruses.

Animal herpes viruses all share some common properties. The structure of these viruses consists of a
relatively large double-stranded, linear DNA genome encased within an icosahedral protein cage
called the capsid, which is wrapped in a lipid bilayer called the envelope . The envelope is joined to
the capsid by means of a tegument. This complete particle is known as the virion. HSV-1 and HSV-2
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each contain at least 74 genes within their genomes, although speculation over gene crowding allows
as many as 84 unique protein-coding genes by 94 putative open reading frames. These genes encode
a variety of proteins involved in forming the capsid, tegument and envelope of the virus, as well as
controlling the replication and infectivity of the virus.

There are nine distinct herpes viruses, which cause disease in humans:

HHV-1 Herpes simplex virus-1 (HSV-1)

HHV-2 Herpes simplex virus-2 (HSV-2)

HHV-3 Varicella zoster virus (VZV)

HHV-4 Epstein-Barr virus (EBV)

HHV-5 Cytomegalovirus (CMV)

HHV-6A/B Roseolovirus, Herpes lymphotropic virus

HHV-7 Pityriasis Rosea

2 T 2 2 2 2N T

HHV-8 Kaposi's sarcoma-associated herpesvirus

Of particular interest include HSV-1 and HSV-2, which cause oral and/or genital herpes, HSV-3, which
causes chickenpox and shingles, and HHV-5, which causes mononucleosis-like symptoms, and HHV-8,
which causes a Kaposi's sarcoma, a cancer of the lymphatic epithelium.

Infection is caused through close contact with an infected individual. Infection is initiated when a viral
particle comes in contact with the target cell specific to the individual herpes virus. Viral glycoproteins
bind cell surface receptors molecules on the cell surface, followed by virion internalization and
disassembly. Viral DNA then migrates to the cell nucleus where replication of viral DNA and
transcription of viral genes occurs.

During symptomatic infection, infected cells transcribe lytic viral genes. In some host cells, a small
number of viral genes termed latency-associated transcripts accumulate instead. In this fashion, the
virus can persist in the cell (and thus the host) indefinitely. While primary infection is often
accompanied by a self-limited period of clinical illness, long-term latency is symptom-free.

Reactivation of latent viruses

This has been implicated in a number of diseases (e.g. Shingles, Pityriasis Rosea). Following
activation, transcription of viral genes transitions from latency-associated transcripts to multiple lytic
genes; these lead to enhanced replication and virus production. Often, lytic activation leads to cell
death. Clinically, lytic activation is often accompanied by emergence of non-specific symptoms such
as low grade fever, headache, sore throat, malaise, and rash, as well as clinical signs such as swollen
or tender lymph nodes, and immunological findings such as reduced levels of natural killer cells.

There is no method to eradicate the herpes virus from the body, but antiviral medications, such as
acyclovir, can reduce the frequency, duration, and severity of outbreaks. Analgesics such as ibuprofen
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and acetaminophen can reduce pain and fever. Topical anaesthetic treatments such as prilocaine,
lidocaine, benzocaine or tetracaine can also relieve itching and pain.

This negatively stained transmission electron
micrograph (TEM) revealed the presence of
numerous herpes simplex virions, members of
the Herpesviridae family. There are two strains of
the herpes simplex virus, HSV-1, which is
responsible for cold sores, and HSV-2, which is
responsible for genital herpes. At the core of its
icosahedral proteinaceous capsid, the HSV
contains a double-stranded DNA linear genome.

FigL\JAre 5.37 Herpes SirﬁAplex Virions

Attachment and Entry of Herpes Simplex

Herpes simplex virus attaches to a host's cells with viral envelope glycoproteins, which then allows
entry of the viral capsid into the host cell.

Herpes simplex viruses 1 and 2 (HSV-1 and HSV-2) are two members of the herpesvirus family,
Herpesviridae, that infect humans. Both HSV-1 (which produces most cold sores) and HSV-2 (which
produces most genital herpes) are ubiquitous and contagious. They can be spread when an infected
person is producing and shedding the virus.

The sequential stages of HSV entry are analogous to those of other viruses. At first, complementary
receptors on the virus and the cell surface bring the viral and cell membranes into close proximity. In
an intermediate state, the two membranes begin to merge, forming a hemifusion state. Finally, a
stable entry pore is formed through which the viral envelope contents are introduced to the host cell .
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Herpes viruses are enveloped viruses; they bud from the inner nuclear membrane, which has been
modified by the insertion of herpes glycoproteins. The genome encodes for 11 different glycoproteins,
four of which, gB, gC, gD and gH, are involved in viral attachment. Initial interactions occur when viral
envelope glycoprotein C (gC) binds to a cell surface particle called heparan sulfate. A second
glycoprotein, glycoprotein D (gD), binds specifically to at least one of three known entry receptors.
These include herpesvirus entry mediator (HVEM), nectin-1 and 3-0O sulfated heparan sulfate. The
receptor provides a strong, fixed attachment to the host cell. These interactions bring the membrane
surfaces into mutual proximity and allow for other glycoproteins embedded in the viral envelope to
interact with other cell surface molecules. Once bound to the HVEM, gD changes its conformation and
interacts with viral glycoproteins H (gH) and L (gL), which form a complex. The interaction of these
membrane proteins results in the hemifusion state. Afterward, gB interaction with the gH/gL complex
creates an entry pore for the viral capsid. Glycoprotein B interacts with glycosaminoglycans on the
surface of the host cell.
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Replication of Herpes Simplex Virus

Herpes replication entails three phases: gene transcription, viral assembly in the nucleus, and

budding through the nuclear membrane.

Herpes viral replication occurs in a series of stages:

1.

A

Initial Infection: following viral fusion to the host cell membrane, the tegument-surrounded
nucleocapsid containing the viral genome is released into the cytoplasm. The nucleocapsid is
carried to the nuclear membrane where it binds to the membrane, the DNA genome then
enters the nucleus.

Transcription: this is a very complex process, as might be expected from the large size of
genome. There are three classes of proteins that need to be made for the production of a
mature virus.

Alpha proteins: the immediate-early proteins. They are involved in transcriptional regulation
and are not found in the mature virion. They are also involved in the control of beta protein
synthesis .
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Figure 5.39 Expression of immediate-early, early and late genes of herpes viruses.

Beta proteins: the early proteins involved also in DNA replication (they include the DNA
polymerase and transcription factors). Only a few copies of DNA polymerase need to be made
for replication to occur.

Gamma proteins: the late proteins and structural components of the virus. The synthesis of
gamma proteins is initiated after the start of DNA synthesis.

RNA transcription: the herpes DNA is transcribed to RNA by a cellular enzyme (DNA-
dependent RNA polymerase I). However, the transcription of the various genes is dependent
on both nuclear factors of the cell and proteins encoded by the virus. This control of viral
mMRNA, and therefore, viral protein synthesis determines whether infection will result in the
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production of new virus particles and cell death (a lytic infection), persistent shedding of virus
(persistent infection) or latency. Whether latency occurs depends on the property of the host
cell, as some do not allow the replication of viral DNA. If the cell permits progression beyond
the immediate early genes, a lytic infection will ensue.

4. DNA synthesis: herpes viruses encode their own DNA-dependent DNA polymerase. In
addition, some herpes viruses encode enzymes (such as thymidine kinase) that allow the virus
to grow in non-dividing cells that do not, therefore, contain the precursors of DNA synthesis.
Without this enzyme, neurotropic herpes viruses could not replicate because of the low
amounts of certain DNA precursors in nerve cells.

5. Assembly: packaging of the viral particles, including the genome, core and the capsid, occurs
in the nucleus of the cell. Here, concatemers of the viral genome are separated by cleavage
and are placed into pre-formed capsids. HSV-1 undergoes a process of primary and secondary
envelopment. The primary envelope is acquired by budding into the inner nuclear membrane
of the cell. This then fuses with the outer nuclear membrane releasing a naked capsid into the
cytoplasm. The virus acquires its final envelope by budding into cytoplasmic vesicles.

Viruses and Immunodeficiency
Immunodeficiency occurs when the immune system cannot appropriately respond to infections.

Failures, insufficiencies, or delays at any level of the immune response can allow pathogens or tumor
cells to gain a foothold to replicate or proliferate to high enough levels that the immune system
becomes overwhelmed, leading to immunodeficiency; it may be acquired or inherited.
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Immunodeficiency can be acquired as a result of infection with certain pathogens (such as HIV),
chemical exposure (including certain medical treatments), malnutrition, or, possibly, by extreme
stress. For instance, radiation exposure can destroy populations of lymphocytes, elevating an
individual's susceptibility to infections and cancer. Dozens of genetic disorders result in
immunodeficiencies, including Severe Combined Immunodeficiency (SCID), bare lymphocyte
syndrome, and MHC Il deficiencies. Rarely, primary immunodeficiencies that are present from birth
may occur. Neutropenia is one form in which the immune system produces a below-average number
of neutrophils, the body's most abundant phagocytes. As a result, bacterial infections may go
unrestricted in the blood, causing serious complications.

HIV/AIDS

Human immunodeficiency virus infection / acquired immunodeficiency syndrome (HIV/AIDS), is a
disease of the human immune system caused by infection with human immunodeficiency virus (HIV) .
During the initial infection, a person may experience a brief period of influenza-like illness. This is
typically followed by a prolonged period without symptoms. As the illness progresses, it interferes
more and more with the immune system. The person has a high probability of becoming infected,
including from opportunistic infections and tumors that do not usually affect people who have

working immune systems.

Multiple round bumps on cell surface represent sites of assembly and budding of HIV. During primary
infection, the level of HIV may reach several million virus particles per milliliter of blood.
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After the virus enters the body, there is a period of rapid viral replication, leading to an abundance of
virus in the peripheral blood. During primary infection, the level of HIV may reach several million virus
particles per milliliter of blood. This response is accompanied by a marked drop in the number of
circulating CD4+ T cells, cells that are or will become helper T cells. The acute viremia, or spreading of
the virus, is almost invariably associated with activation of CD8+ T cells (which kill HIV-infected cells)
and, subsequently, with antibody production. The CD8+ T cell response is thought to be important in
controlling virus levels, which peak and then decline, as the CD4+ T cell counts recover.

Ultimately, HIV causes AIDS by depleting CD4+ T cells (helper T cells). This weakens the immune
system, allowing opportunistic infections. T cells are essential to the immune response; without them,
the body cannot fight infections or kill cancerous cells. The mechanism of CD4+ T cell depletion differs
in the acute and chronic phases. During the acute phase, HIV-induced cell lysis and killing of infected
cells by cytotoxic T cells accounts for CD4+ T cell depletion, although apoptosis (programmed cell
death) may also be a factor. During the chronic phase, the consequences of generalized immune
activation coupled with the gradual loss of the ability of the immune system to generate new T cells
appear to account for the slow decline in CD4+ T cell numbers.

5.7.6 Double-Stranded DNA Viruses

Pox Viruses

The poxviruses are a family of large, complex, enveloped DNA viruses that infect a variety of
vertebrate and invertebrate hosts.

The prototype of the poxvirus family is vaccinia virus, which has been used as a successful vaccine to
eradicate smallpox virus. Vaccinia virus is used in molecular biology applications as an effective tool
for foreign protein expression to elicit strong host immune response.

The poxviruses are a family of large, complex, enveloped DNA viruses that infect a variety of
vertebrate and invertebrate hosts. Poxviruses are of significance both medically and scientifically due
to their wide distribution, pathogenicity, and cytoplasmic replicative life cycle. Several prominent
members, including variola virus (causative agent of smallpox), molluscum contagiosum virus (cause
of a common skin infection of young children and immunosuppressed adults) and monkeypox virus
(agent of a smallpox-like disease in parts of Africa), are of considerable concern for public health and
biodefense.

The most famous of the poxviruses was smallpox. Smallpox was an infectious disease unique to
humans, caused by either of two virus variants, Variola major and Variola minor. The disease is also
known by the Latin names Variola or Variola vera, which is a derivative of the Latin varius, meaning
"spotted," or varus, meaning "pimple. " The term "smallpox" was first used in Britain in the 15th
century to distinguish variola from the "great pox" (syphilis). The last naturally occurring case of
smallpox (Variola minor) was diagnosed on October 26, 1977. After vaccination campaigns throughout
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the 19th and 20th centuries, the World Health Organization (WHO) certified the eradication of
smallpox in 1979. Smallpox is one of two infectious diseases to have been eradicated, the other being
rinderpest, which was declared eradicated in 2011.

The prototypic and most studied poxvirus, vaccinia virus (VACV), serves as an effective smallpox
vaccine, a platform for recombinant vaccines against other pathogens, and an efficient gene
expression vector for basic research. Along its approximate 195-kbp double-stranded DNA genome,
VACV encodes approximately 200 proteins, ranging in function from viral RNA and DNA synthesis and
virion assembly to modulation of host immune defenses.

The most abundant and simplest infectious form of the poxvirus particle, the mature virion (MV),
consists of the vi