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VIRUS DETECTION

Viruses do not behave like other microbes; their life cycles require infecting
healthy cells, commandeering their cellular apparatus, replicating, and then
killing the host cell. Methods for virus detection and identification have
been developed only in the past few decades. These recently developed
methods include molecular, physical, and proteomic techniques. All these
approaches (electron microscopy, molecular, direct counting, and mass
spectrometry proteomics) to detection and identification are reviewed in
this succinct volume. It is written in approachable language with enough
detail for trained professionals to follow and want to recommend to others.
Key Features

e Covers common detection methods

e Reviews the history of detection from antiquity to the present

e Documents the strengths and weaknesses of various detection methods

e Describes how to detect newly discovered viruses

e Recommends specific applications for clinical, hospital, environmental,
and public health uses.
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Pocket Guides to
Biomedical Sciences

Book series preface

The Pocket Guides to Biomedical Sciences series is designed to provide con-
cise, state-of-the-art, and authoritative coverage on topics that are of inter-
est to undergraduate and graduate students of biomedical majors, health
professionals with limited time to conduct their own literature searches,
and the general public who are seeking reliable, trustworthy information in
biomedical fields. Since its inauguration in 2017, the series has published 12
books (https://www.routledge.com/Pocket-Guides-to-Biomedical-Sciences
/book-series/CRCPOCGUITOB) that cover different areas of biomedical sci-
ences. The recent two titles form unique sister pair volumes Vaccine Efficacy
Evaluation: The Gnotobiotic Pig Model and The Guinea Pig Model: An
Alternative Method for Vaccine Potency Testing. In these two books, the
authors reviewed their decades-long research efforts in the development
of two unconventional animal models for vaccine development, evaluation,
and quality control. Testing the immunogenicity, protective efficacy, and
safety in animal models is one of the most important steps in vaccine devel-
opment after the construction and formulation of the protective antigens
and before human clinical trials. Pig (Sus scrofa) has high similarities with
humans in gastrointestinal anatomy, physiology, nutritional/dietary require-
ments, and mucosal immunity. For pre-clinical testing of human rotavirus
and norovirus vaccines, an animal model that can exhibit the same or similar
clinical signs of disease as humans is critical for assessing protection against
both infection and disease upon challenge. Gnotobiotic pig models fulfill
this need. Mouse models are more readily available than pig models and
are useful for testing vaccine immunogenicity; however, mice cannot be
infected by human rotavirus or human norovirus and are not useful for
evaluation of vaccine-induced adaptive immunity associated with protec-
tion against human rotavirus or norovirus disease. Through the author’s
studies detailed in her book, the gnotobiotic pig model has been firmly
established as the most reliable animal model for the preclinical evaluation
of human rotavirus or human norovirus vaccines. Equally important, but
for animal vaccines, the guinea pig (Cavia porcellus) model represents an
alternative method for testing the potency of viral vaccines applied in cattle.
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Due to the robustness of the statistical validation, the guinea pig model
has been adopted by the National Service of Animal Health of Argentina
(sanitary resolution 598.12) as the official potency testing model. The rec-
ommendation and guidelines to apply the guinea pig model in the quality
control of Infectious Bovine Rhinotracheitis (IBR, caused by bovine herpes-
virus type 1), rotavirus, and parainfluenza vaccines were agreed by all the
member countries of the American Committee for Veterinary Medicines
(CAMEVET), focal point of the World Organization for Animal Health (OIE)
in the Americas. These two books demonstrate the indispensable role of
animal models in biomedical research and in developing and producing effi-
cacious vaccines that are critical for improving human and animal health.
The current title Virus Detection describing the four principal methods to
detect viruses is a very timely issue. Testing of virus shedding is one of the
key strategies to control transmission of viral diseases. The significance of
this pocket guide book is highlighted by the recent emergence and reemer-
gence of high impact human viral diseases worldwide.



Preface

The four main methods for detecting viruses are (1) electron microscopy,
(2) biomolecular, (3) physical, and (4) mass spectrometry proteomics. The
first is detection using an electron microscope which was invented in the
1930s and has become a standard instrument for visualizing the submicron
world. It can see all the known viruses and easily functions in the range
from 10 to 500 nm. From the pictures we get graphics that illustrate the
features of different viruses and we can determine the size. In this manner
we can see that viruses are of different sizes starting with polio which is
around 20 nm to dengue fever virus at 50 nm to influenza at 90 nm for
influenza A and 102 nm for influenza B. Smallpox is seen at around 250
nm. The second are the many biomolecular methods which are based on
the genome of the virus. After the discovery of DNA there was an explosion
of discovery and organisms of all sorts were classified by their genomic
relationship and a phylogenic tree resulted showing these relationships. The
viruses were included and more than 44,000 viruses have been sequenced
and classified. Using this information related groups or individual viruses
could be detected by their genetic information. PCR was invented in the
1990s and has become an important method for detecting viruses based
on a portion of their genetic sequence. Additionally, antibodies which
are the result of a viral infection can be used to detect when a virus is
present. The third method is direct counting of whole viruses by the
use of a differential mobility analyzer (DMA). IVDS, invented in the late
1990s, is the first instrument able to detect multiple viruses according
to size in a few minutes. The advantages of this method are that there
are no reagents, minimum sample prep, and the ability to detect viruses
which are not sequenced. The last method, invented in the 2000s, is the
mass spectrometer proteomics (MSP) method. This is a method which
uses software to detect the unique peptides associated with the virus to
determine a detection and classification.

Each of these main detection methods has spun off several variations in their
use, but other applications rely on their basic science. Volumes have been
written on how these methods are used and their particular manner, such
as electron micrography. In this book, each of these methods is presented
and discussed as they apply to the detection of viruses. How these methods
can be used to complement each other is also discussed. Each method

XV
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continues to improve as technology improves, but it is important to realize
the limitations inherent in each method so as not to be caught unaware.

The world has made great strides in technology. New weapons have likewise
improved, we need to be aware of how to counter them, particularly new
viruses. It is now possible to manufacture a virus. A virus can be made,
adjusted to have a different function or capability, and used for good as
in the delivery of medication or for insect control. Viruses can easily be
made for malicious purposes. New diseases can be made which are not
sequenced, can mimic other viruses in genetic information (appear as
benign), and be invisible to most detection methods.

Reading this book should raise your understanding of the methods for
detecting viruses. It should give the reader enough information to ask
questions about the methods that people are using and more importantly
to know the limitations of each method.
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1

Civilization and Disease

Disease has been with civilization for a long time. Many ancient cultures
had outbreaks of disease affecting large numbers of people. We do not
know for certain that these outbreaks were caused by any particular
organism, but we can look at what was written and make assumptions
based on the symptoms and related information. What is not talked about
is the fact that the people lived in a biological soup, a cloud of microbes, of
which they were unaware. Disease may have been caused by any number
of different microbes. The ancient sewage systems, as they were called, did
nothing to improve the exposure to microbes. People often had infections
that associated with wounds, scratches, teeth, and other common aliments
known to modern science, but unknown to the ancient world.

The beginning of the viruses and civilization story starts many thousands
of years ago when mankind first organized into groups, towns, cities, and
civilizations. It is likely that the association of viruses with people started
earlier, but that is largely lost in time and is part of the fossil record. Needless
to say, when civilization began so did the plagues and other less common
ravages of people by microbes.

The world population was generally less than 50 million until around
the first century of the common era when for various reasons it started
to increase until the present, when it totals more than 7.5 billion people
(Figure 1.1). Associated with this was life expectancy. Generally, following
the same curve as the global population, people lived an average of 20-25
years for tens of thousands of years, until the modern era when it increased
to the present 73 years (Figure 1.2). Now, considering all the variables and
exceptions, the trend was a young and less than 50 million population for
many thousands of years and this changed only in the last 2000 years. In
the past people did not expect to grow old; in the present most people
expect old age and often see life as only beginning in the late 40s and 50s.
This perception has changed our relationship to disease.

Considering the average age of people, the total population, and all the
associated problems of civilization, an understanding of the attitudes
towards disease crystalizes. Average people were occupied with civiliza-
tion and not really concerned about something they could not see, smell
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Figure 1.1 Estimated world population from 10,000 years ago to modern times.
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Figure 1.2  Life expectancy from Paleolithic times to modern times.

or understand — other than perhaps in metaphysical terms. The viruses had
unlimited access to a susceptible population and simply followed their biol-
ogy to ravage the population from time to time. Let us look at the recorded
or suspected occurrences over the last thousands of years.

It is important to remember that ancient people had little knowledge of
the germ theory of disease proposed by Girolamo Fracastoro in 1546, and
expanded upon by Marcus von Plenciz in 1762. Nevertheless, these views
were not considered creditable by most people who held onto the thoughts
of the ancient Greeks and the teaching of Galen who proposed the idea
of miasma or “bad air”. This remained the dominant belief for centuries,
particularly among medical people and scientists, until the modern age.
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Before 1546-1762, nothing really explained what or why disease occurred,
disease was just a part of life and common in the ancient world. People
lived together in tight groups to protect themselves from predators and
each other. Hygiene was poor and there was no refrigeration to keep food
fresh, and living conditions were bleak with the average life expectancy of
only about 20-23 years, but people managed to survive.

Let us look at the recorded or suspected occurrences of disease over the
last thousands of years. During the Paleolithic age, about three million years
ago, people lived as small isolated hunter gatherer populations grouped
together in small bands. They survived by gathering plants, fishing, hunting,
and scavenging for food. At this time people started to use crude knapped
stone tools as well as those made of wood and bone. Neolithic people of
12,000 years ago were the first to develop the use of farming; civilizations
began to emerge in the Bronze Age and Iron Age. Based what these early
people ate and drank, if they retained their teeth and did not perish as an
infant or during childbirth they lived longer. Infections and disease were
part of their everyday life; people lived and died.

As people created more densely populated agricultural communities,
viruses and all sorts of microbes were allowed to spread rapidly and become
endemic within the populations. Livestock and plant viruses were indicated
and increased as humans developed and became dependent on agriculture
and farming. Diseases such as influenza, potyviruses, rinderpest, and
poxviruses of cattle, pigs, and sheep were common.

Microbes are not thinking predators in the ordinary sense; they are
opportunists and survive by having an ability to multiply in a large range
of environments; people and their livestock provide a good environment.

Around 9500 sce humans became farmers, and they tended to create
monoculture agriculture, growing one type of plant, or several plants of the
same species. This development led to the spread of several plant viruses
which emerged in fruits and vegetables including the sobemovirus or the
Southern bean mosaic virus of potatoes. Measles and smallpox viruses
are among the oldest known viruses that infected humans in prehistory.
These first viruses are thought to have infected only animals but due to
domestication and their close proximity to humans these viruses started
to infect humans, first appearing in Europe and African communities
thousands of years ago.

The nature of viruses and what they looked like was unknown until the
invention of the electron microscope in the 1930s and the discovery of DNA
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by Watson and Creek in the 1950s. This provided the tools to look at what
was previously invisible, and the study and understanding of viruses began.
By this discovery many of the diseases reported were found to be caused
by viruses in retrospect; for example, polio caused by the poliomyelitis virus
had devasted populations in the time of ancient Egypt.

With these modern inventions and later biomolecular methods such as
polymerase chain reaction (PCR) we now know viruses played important
roles in ecosystems and are essential to life throughout history by creating
a change in evolution by transferring genes across species. Over the past
50-100 thousand years as humans migrated throughout the world and
populated vast new areas of all kinds of environments, whether land in
the tropics, coastal areas, deserts, or hot or cold areas, they carried
with them and were exposed to new diseases, including viruses. Most
viral epidemics did not exist in early human areas because they lived in
small, isolated communities. Smallpox, however, first appeared in larger
agricultural communities in India 11,000 years ago. It is thought that these
poxviruses first descended from rodents and parasites like the flea, that in
turn affected humans who came in contact with them. When viruses cross
this species barrier humans initially have little natural resistance, and large
numbers died. Humans in ancient times either survived or died as there
were no treatments. Those humans who survived, however, developed
immunity toward certain diseases. This survivor acquired immunity
could be passed to offspring by antibodies in breast milk and from the
mother’s blood through the placenta to the unborn child, and this afforded
protection to that generation from another outbreak of that infectious
disease. This is often thought of as a reason a particular disease reoccurs
in following generations. As populations increased other viruses such as
mumps, rubella, and polio were seen in 9000 sct as people settled in Egypt
along the River Nile. Typically, it was a fertile flood plain bringing all sorts
of microbes into contact with people and their animals. More food resulted
in more people in which the microbes thrived and the viruses persisted as
high concentrations of people were infected, all of whom were susceptible.

People moved throughout the Mediterranean basin during the next several
thousand years and continued to domesticate wild animals including cattle,
sheep, horses, goats, pigs, cats, and dogs. These animals brought infectious
viruses with them from the wild. Zoonotic viral infections prevailed and
included influenza and rabies transmission from animal to human. Some
zoonotic viruses specific to species were not an immediate threat to
humans, but were present nevertheless awaiting the opportunity. Diseases
of ancient people evolved into what we see today in the modern age.
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Early humans suffered colds, influenza, and diarrhea caused by viruses just
as humans do today. Influenza viruses crossed the species barrier from
waterfowl to pigs to humans. In ancient Egypt poliomyelitis, the polio virus
infection, was present in an 18th dynasty Egyptian priest. The foot of his
mummy showed evidence of deformity. Likewise, evidence of the virus was
found in the mummy of the 19th dynasty ruler Siptah, 1197-1191 gce. The
smallpox virus devastated the ancient world as seen on the many mummies
buried over 3000 years ago during the reign of Pharaoh Ramesses V (1149—
1145 Bce). Mummies from thousands of years show evidence of smallpox.

In Classical Greece based on Athens Agora and Corinth data, life expectancy
if one survived to 15 would be 37-41 years. Between 429 and 426 scE there
was a plague that affected Greece (Athens), Libya, Egypt, and Ethiopia
thought to possibly be typhus, typhoid fever, or viral hemorrhagic fever,
that killed 75,000-100,000. In 430 sce the Athens army and many civilians
died from a smallpox outbreak. A few years later, around 412 sct, Northern
Greece had an influenza epidemic. As the Romans expanded, they carried
their microbes all through the area which was then part of the Roman
Republic. Another smallpox outbreak occurred between 165 and 190
ce called the Antonine Plague. During this period in the Roman Empire,
infections, possibly of smallpox and measles, affected roughly 25-33% of
the Roman population killing 5-10 million people throughout the ancient
Roman Empire which at that time included Britain, Europe, the Middle East,
and Northern Africa; infection may have killed at least one Roman Emperor.
Romans continued to spread the Empire and viral infections. The measles
virus was also seen as extremely infectious in the ancient world and canine
distemper virus and rinderpest virus were everywhere. It may be that they
were first transmitted to humans from domesticated dogs or cattle. Another
outbreak which may have been smallpox occurred in Europe between 250
and 266 ct and is known as the Plague of Cyprian.

Elsewhere in the world diseases also occurred. During the Han Dynasty in
217 ce in China was the Jian'an Plague, possibly of typhoid fever or viral
hemorrhagic fever. In Japan around 700 ce the plant described to have yel-
lowing leaves Eupatorium lindleyanum was often infected with what we
now know as the tomato yellow leaf curl virus, and later between 735 and
737 ce there was a smallpox epidemic affecting 2 million people, which at
that time was one-third of the Japanese population.

Outbreaks of smallpox, measles, influenza, and rabies continued for many
years in early European towns and cities. During the late Roman Empire,
they attempted to control the outbreaks of disease by advances in archi-
tecture, when in fact they may have been making matters worse. Rather
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than disposing of bad water they simply tossed it in the streets and the run-
off would contaminate the water supply — leading to exposure to disease-
causing organisms. Among the plethora of diseases that caused childhood
death were measles, influenza, yellow fever, polio, and smallpox.

Crusades and Muslim conquests further spread infections of smallpox and
measles causing epidemics in Europe in the 5th and 7th centuries. In the
early Middle Ages (Europe, from the late 5th century or early 6th century to
the 10th century ce) measles and other viruses spread throughout the highly
populated countries of Europe and North Africa. During this time there was
an increase in life expectancy of about 10 years (30-35 years).

More than 50 plagues occurred in England between 526 and 1087. Among
these was an outbreak of rinderpest virus, a disease of cattle; it is closely
related to the measles virus and has been documented since Roman times.
The disease, which originated in Asia, was first brought to Europe by the
invading Huns in 370. Later invasions of Mongols, led by Genghis Khan
and his army, started pandemics in Europe in 1222, 1233, and 1238. The
infection subsequently reached England following the importation of cattle
from the continent.

The first confirmed outbreak was in August 1485 at the end of the Wars of
the Roses, which has led to speculation that it may have been brought over
from France by French mercenaries. In 1485 after the victory at the Battle of
Bosworth the army suddenly went down with “the English sweat”, which
is considered to have been a viral infection caused by a medieval ancestor
of the hantavirus. During the 15th and 16th centuries disease was prevalent
among people who traveled from the continent and from greater distances,
bringing diseases of all sorts. The medieval hantavirus outbreak might have
originated in France where Henry VII had recruited soldiers for his army.
Another epidemic hit London in the hot summer of 1508 where people
died within a day. The streets were deserted apart from carts transporting
bodies, and King Henry declared the city off limits except for physicians and
apothecaries. By 1510 the influenza pandemic affected Asia, North Africa,
and Europe. The disease spread to Europe, arriving in Hamburg in July 1529
where 1000-2000 victims died within the first few weeks.

Suddenly people were traveling more frequently all over and carried with
them their microbes and discovered new microbes and diseases. During
the 16th century, following travel to North America, smallpox and measles
occurred among the Aztec, in Prussia, in Switzerland, and throughout
northern Europe. Scientists today suggest that the disease was a combination
of viral infections including species of influenza, poxvirus, measles, smallpox,
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and hantavirus. By the 1560s these viral infections including influenza
had become pandemics affecting most of the explored world including
Asia, Africa, Europe, and the Americas. Although attempts at limiting the
outbreak were made, including restrictions on trade and travel, isolation of
the stricken, the fumigation of buildings, and the killing of livestock, they
did not work and disease spread across the lands. Medical references to
influenza and these other infections date from the late 15th and early 16th
centuries, but infections almost certainly occurred long before then. During
an influenza epidemic that occurred in England between 1557 and 1559,
thought to affect 5% of the population, 150,000 died from the infection.
It should be noted that the mortality rate was nearly five times that of the
1918-1919 pandemic.

The first pandemic that was reliably recorded began in July 1580 and swept
across Europe, Africa, and Asia. The mortality rate was high; 8,000 died
in Rome. Early colonial America, 1616-1620, saw infections in southern
New England, especially affecting the native Wampanoag people. Looking
in retrospect and with the modern studies of virus, bacteria, and fungi, it is
possible to determine that infections of leptospirosis with Weil syndrome,
of yellow fever, bubonic plague, influenza, smallpox, chickenpox, typhus,
hepatitis B, and hepatitis D occurred, with estimated deaths of 30-90%.
One thousand deaths occurred due to a smallpox epidemic between 1633
and 1635 in Massachusetts Bay Colony and the 13 colonies of British North
America. In 1634-1640 smallpox and an influenza epidemic affected the
Wyandot people of North America and killed 15,000-25,000. There was
an outbreak in 1648 of Central America yellow fever, and in 1677-1678 the
Boston smallpox epidemic killed 750-1,000 people.

The next three measles and smallpox pandemics occurred in the 18th
century, including 1781-1782, which was probably the most devastating in
history, beginning in November of 1781 in China and reaching Moscow by
December of that year. In February 1782 it hit Saint Petersburg, and by May
it had reached Denmark. Within six weeks, 75% of the British population
were infected and the pandemic soon spread to the Americas.

The Americas and Australia remained free of measles and smallpox until
the arrival of European colonists between the 15th and 18th centuries.
Along with measles and influenza, smallpox and yellow fever were taken to
the Americas by the Spanish. Smallpox was endemic in Spain, having been
introduced by the Moors from Africa. In 1519, an epidemic of smallpox
broke out in the Aztec capital Tenochtitlan in Mexico which was believed to
have been started by the army of Panfilo de Narvaez, who followed Cortés
from Cuba, and had an African slave suffering from smallpox aboard his
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ship. When the Spanish conquests entered the capital in the summer of
1521, they saw it strewn with the bodies of smallpox victims. The epidemic,
and those that followed during 1545-1548 and 1576-1581, eventually
killed more than half of the native population. When the Europeans traveled
to the New World during the time of the Spanish conquests they carried
and spread viruses including smallpox, measles, yellow fever, and influenza
and other disease to the indigenous people who had no natural resistance
to the viruses, and millions died during epidemics. In the territory of New
Spain in present day Mexico in the 16th century during the time of the
Spanish conquests in 1519-1520 there was a Mexican smallpox epidemic
killing 5-8 million which was 23-37% of the native population. The
Cocoliztli epidemics of 1545-1576 are now known to be viral hemorrhagic
fevers characterized by high fevers and bleeding and were caused by an
indigenous viral agent and was aggravated by unusual climatic conditions.
This Cocoliztli epidemic killed 5-15 million people or about 27-80% of the
native Mexican population. Another viral outbreak of influenza occurred
in 1580 and further decimated the indigenous population. The illnesses
collectively were called Cocoliztli and were then a mysterious illness. If
they survived the illness the people were generally immune, but could
be carriers of the virus. Most of the Spanish were immune to smallpox
having already been through multiple smallpox epidemics; thus, smallpox
enabled an army of fewer than 900 men to defeat the Aztecs and conquer
Mexico. Many Native American populations were devastated later by the
inadvertent spread of diseases introduced by Europeans. In the 150 years
that followed Columbus'’s arrival in 1492, the Native American population
of North America was reduced by 80% from diseases, including measles,
smallpox, and influenza. The damage done by these viruses significantly
aided European attempts conquer the New World.

By the 18th century, smallpox was endemic in Europe. There were five
epidemics in London between 1719 and 1746, and large outbreaks occurred
in other major European cities. By the end of the century 400,000 Europeans
were dying from the disease each year. Smallpox reached South Africa in
1713, having been carried by ships from India as shipping was a popular
method for the movement of people, and their illnesses, at that time, and
by 1789 the disease struck Australia. In the 19th century, smallpox became
the single most important cause of death of the Australian Aborigines.

The first known cases of dengue fever occurred in Indonesia and Egypt
in 1779. Trade ships brought the disease to the US, where an epidemic
occurred in Philadelphia in 1780. There was an influenza pandemic in
1889-1890 that killed over one million people worldwide.
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Meanwhile, newly emerging infectious diseases were posing an increasingly
significant threat to human health. The majority are of zoonotic origin to
which the human population was particularly suspectable. The increase and
the intensification of animal farming may have exasperated this situation.
The increase in the number of sheep, cows, pigs, fowl, and wild animals may
have contributed. The Irish Great Famine of 1845-1852 was attributed to a
disease in potatoes. The mold that was seen during the blight was actually a
virus. The disease, called “curl”, is caused by potato leafroll virus, and it was
widespread in England in the 1770s, where it destroyed 75% of the potato
crop. Another emerging disease was rabies, an often-fatal disease, caused
by the infection of mammals with the rabies virus. Recently, in the 21st
century, it has been relegated to a disease that affects wild mammals such
as foxes and bats, but it has a long history and is one of the oldest known
virus diseases: rabies is a Sanskrit word (rabhas) that dates from 3000 scg,
which means “madness” or “rage”, and the disease has been known for
over 4000 years. Descriptions of rabies can be found in Mesopotamian texts,
and the ancient Greeks called it “lyssa” or “lytta”, meaning “madness”.
References to rabies can be found in the Laws of Eshnunna, which date
from 2300 sce. Aristotle (384-322 sce) wrote one of the earliest undisputed
descriptions of the disease and how it was passed to humans. Celsus, in
the 1st century ck, first recorded the symptoms called hydrophobia and
suggested that the saliva of infected animals and humans contained a slime
or poison. He invented the word “virus” to describe this contagion. Rabies
does not cause epidemics, but the infection was greatly feared because
of its terrible symptoms, which include insanity, hydrophobia, and death.
Little was known about the cause of the disease until 1903 when Adelchi
Negri (1876-1912) first saw microscopic lesions, now called Negri bodies,
in the brains of rabid animals. Paul Remlinger (1871-1964) soon showed
by filtration experiments that they were much smaller than protozoa, and
even smaller than bacteria. Thirty years later, Negri bodies were shown to
be accumulations of particles 100-150 nanometers long, now known to
be the size of rhabdovirus particles, the virus that causes rabies. At the turn
of the 20th century, evidence for the existence of viruses was obtained
from experiments with filters that had pores too small for bacteria to pass
through, and the term “filterable virus” was used to describe them.

This brings the story of disease to the modern era. It becomes a bit more
intertwined with other events but the march continues, even to the current
day. Until the 1930s most scientists believed that viruses were small bacteria,
but following the invention of the electron microscope in 1931 they were
shown to be completely different, to a degree that not all scientists were
convinced they were anything other than accumulations of toxic proteins.
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The situation changed radically when it was discovered that viruses contain
genetic material, the building blocks of life, in the form of DNA or RNA.
Once they were understood as distinct biological entities, they were soon
shown to be the cause of numerous infections in humans, plants, animals,
and even bacteria and fungi. Of the many diseases of humans that were
found to be caused by viruses in the 20th century one, smallpox, has been
eradicated. Diseases caused by viruses such as HIV, measles, and influenza
have proved to be more difficult to control. Other diseases, such as those
caused by arboviruses, have presented new challenges. As humans changed
their behavior, so have viruses. In ancient times the human population was
too small and isolated for large pandemics to occur and, in the case of
some viruses, too small for them to survive. In 1900 the world average life
span was 31-32 and a jump in human life spans occurred in 1950 with the
discovery of antibiotics; the world average life span became 45.7-48, and
in 2019-2020 the world average is 72.6-73.2 years..

It was not until the middle of the 20th century, when infant mortality was
approximately 40-60% of the total mortality, that this situation improved
due to better hospital care, antibiotics, better treatment for diseases, and
better education of physicians. In the 20th and 21st centuries, increasing
population densities, revolutionary changes in agriculture and farming
methods, and high-speed travel all contributed to the spread of new viruses
and the re-appearance of ancient ones. Like smallpox, some viral diseases
might be conquered, but new ones have taken shape, such as severe acute
respiratory syndrome (SARS); others will continue to emerge. To make
matters more interesting, it is now possible to make new viruses. Attributes
of different viruses can be combined with another, and “the beat goes on”.
The need to be able to detect and identify these “new viruses” becomes all
the more important.

Let us take a brief view of the modern world. Human metapneumovirus,
which is a cause of respiratory infections including pneumonia, was
discovered in 2001. Smallpox virus was a major cause of death in the
20th century, killing about 300 million people. It has probably killed more
humans than any other virus in history. In 1966 an agreement was reached
by the World Health Assembly (the decision-making body of the World
Health Organization) to start an “intensified Smallpox eradication program”
and attempt to eradicate the disease within ten years. At the time, smallpox
was still endemic in 31 countries including Brazil, the whole of the Indian
sub-continent, Indonesia, and sub-Saharan Africa.

During the Second Boer War (1899-1902) measles was rife among the
prisoners in the British concentration camps and accounted for thousands
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of deaths. Before the introduction of vaccination in the US in the 1960s
there were more than 500,000 cases of measles each year resulting in
about 400 deaths. In developed countries children were mainly infected
between the ages of three and five years old, but in developing countries
half of children were infected before the age of two. Measles remains a
major problem in densely populated, less-developed countries with high
birth rates and lacking effective vaccination campaigns. By the mid-1970s,
following a mass vaccination program that was known as “make Measles a
memory”, the incidence of measles in the US had fallen by 90%. Humans
are considered the only natural host of the measles virus. Immunity to the
disease following an infection is lifelong.

Poliomyelitis treatment required the iron lung for some patients, as during
the polio epidemic of 1960. Half of the exposed population had polio
deformities. During the summers of the mid-20th century, parents in the
US and Europe dreaded the annual appearance of poliomyelitis (or polio),
which was commonly known as “infantile paralysis”. The disease was rare
at the beginning of the century, and worldwide resulted in only a few
thousand cases per year. By the 1950s there were 60,000 cases each year
in the US alone and an average of 2,300 in England and Wales. During
1916 and 1917 there had been a major epidemic in the US with more than
27,000 cases and 6,000 deaths recorded. There were 9,000 cases in New
York City. At the time, nobody knew how the virus was spreading. Many
New York City inhabitants, including scientists, thought that impoverished
slum-dwelling immigrants were to blame even though the prevalence of
the disease was higher in the more prosperous districts such as Staten
Island, a pattern that had also been seen in cities like Philadelphia. Many
other industrialized countries were affected at the same time. In particular,
before the outbreaks in the US, large epidemics had occurred in Sweden.
The reason for the rise of polio in industrialized countries in the 20th
century has never been fully explained. The disease is caused by a virus
that is passed from person to person by the fecal-oral route, and naturally
infects only humans. Poor living conditions and sanitation in over-populated
communities may have contributed to the outbreak. People started to
improve sanitation and hygienic food preparation. Although the virus was
discovered at the beginning of the 20th century, its ubiquitous nature was
unrecognized until the 1950s. It is now known that fewer than 2% of
individuals who are infected develop the disease, and most infections are
mild. During epidemics the virus was effectively everywhere, which explains
why public health officials were unable to isolate a source. The development
of vaccines in the mid-1950s led to mass vaccination campaigns which took
place in many countries. Some vaccines were unproperly tested and did
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not have good outcomes. Polio cases fell dramatically, however, after the
vaccines were forced on the world; the last outbreak was in 1979. In 1988
the World Health Organization along with others launched the Global Polio
Eradication Initiative, and by 1994 the Americas were declared to be free
of the disease, followed by the Pacific region in 2000 and Europe in 2003.
At the end of 2012, only 223 cases were reported by the World Health
Organization. Mainly poliovirus type 1 infections occurred in undeveloped
areas, 122 occurring in Nigeria, 1 in Chad, 58 in Pakistan, and 37 in
Afghanistan.

The human immunodeficiency virus (HIV) is another virus that, when the
infection is not treated, can cause acquired immunodeficiency syndrome
(AIDS). Some virologists believe that HIV originated in sub-Saharan Africa
during the 20th century and resulted in over 70 million individuals being
infected by the virus. By 2011, an estimated 35 million had died from AIDS,
making it one of the most destructive epidemics in recorded history. HIV-1
is one of the most significant viruses to have emerged in the last quarter of
the 20th century.

When the influenza virus undergoes a genetic shift creating a new strain
many humans have no immunity to the new strain, and if the population
of susceptible individuals is high enough to maintain the chain of infection,
pandemics occur. The genetic changes usually happen when different
strains of the virus co-infect animals (zoonic), particularly birds and swine.
Although many viruses of vertebrates are restricted to one species, influenza
virus is an exception. The last pandemic of the 19th century occurred in
1899 and resulted in the deaths of 250,000 people in Europe. The virus,
which originated in Russia or Asia, was the first to be rapidly spread by
people on trains and steamships. A new strain of the virus emerged in
1918, and the subsequent pandemic of Spanish flu was one of the worst
natural disasters in history. The death toll was enormous; 50 million people
died from influenza worldwide. Reportedly 550,000 deaths were caused
by the disease in the US, that is, ten times the US losses during the First
World War, and 228,000 deaths in the UK. In India there were more than
20 million deaths, and in Western Samoa 22% of the population died.
Although cases of influenza occurred every winter, there were only two
other pandemics in the 20th century. In 1957 another new strain of the
virus emerged and caused a pandemic of Asian flu; although the virus was
not as virulent as the 1918 strain, over one million died worldwide. The next
pandemic occurred when Hong Kong flu emerged in 1968, a new strain
of the virus that replaced the 1957 strain. Affecting mainly the elderly, the
1968 pandemic was the least severe, but 33,800 were killed in the US.
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New strains of influenza virus often originate in East Asia; in rural China the
concentration of ducks, pigs, and humans in close proximity is the highest
in the world. The most recent pandemic occurred in 2009, but none of
the last three caused anything near the devastation seen in 1918. Exactly
why the strain of influenza that emerged in 1918 was so devastating is a
question that still remains unanswered.

Arboviruses are viruses transmitted to humans and other vertebrates by
blood-sucking insects. These viruses are diverse; the term “arbovirus”
which was derived from “arthropod-borne virus” is no longer used in for-
mal taxonomy because many species of virus are known to be spread in
this way. There are more than 500 species of arboviruses, but in the 1930s
only 3 were known to cause disease in humans: yellow fever virus, dengue
virus, and pappataci fever virus. More than 100 of such viruses are now
known to cause human diseases including encephalitis. Yellow fever is the
most notorious disease caused by a flavivirus. The last major epidemic in the
US occurred in 1905, and during the building of the Panama Canal thou-
sands of workers died from the disease. Yellow fever originated in Africa,
and the virus was brought to the Americas on cargo ships by the Aedes
aegypti mosquito that carries the virus. The first recorded epidemic in Africa
occurred in Ghana, in West Africa, in 1926. In the 1930s the disease re-
emerged in Brazil. Epidemics continue to occur in areas around the world.
In 1986-1991 in West Africa, over 20,000 people were infected, 4,000 of
whom died. In the 1930s, St. Louis encephalitis, eastern equine encepha-
litis, and western equine encephalitis emerged in the US. The virus that
causes La Crosse encephalitis was discovered in the 1960s, and West Nile
virus arrived in New York in 1999. As of 2010, the dengue virus is the most
prevalent arbovirus and increasingly virulent strains of the virus have spread
across Asia and the Americas along with yellow fever and other arboviruses.

Hepatitis, recognized since ancient times, is a disease of the liver. Symptoms
include jaundice, a yellowing of the skin, eyes, and body fluids. There are
numerous causes, including viruses — particularly hepatitis A virus, hepatitis
B virus, and hepatitis C virus. Throughout history epidemics of jaundice have
been reported, mainly affecting soldiers at war. This “campaign jaundice”
was common in the Middle Ages. It occurred among Napoleon’s armies
and during most of the major conflicts of the 19th and 20th centuries,
including the American Civil War, where over 40,000 cases and around 150
deaths were reported. The viruses that cause epidemic jaundice were not
discovered until the middle of the 20th century. The names for epidemic
jaundice, hepatitis A, and for blood-borne infectious jaundice, hepatitis B,
were first used in 1947; following 1946 the two diseases were distinct. In
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the 1960s, the first virus that could cause hepatitis was discovered. This was
hepatitis B virus, which was named after the disease it causes. Hepatitis
A virus was discovered in 1974. The discovery of hepatitis B virus and the
invention of tests to detect it have radically changed many medical and
some cosmetic procedures. The screening of donated blood, which was
introduced in the early 1970s, has dramatically reduced the transmission of
the virus. Donations of human blood plasma and Factor VIl collected before
1975 often contained infectious levels of hepatitis B virus. Until the late
1960s, the un-hyenic use of hypodermic needles, which were often reused
by medical professionals, and tattoo artists’ needles were a common source
of infection. It was not until the 1990s that needle exchange programs
were established in Europe and the US to prevent the spread of infections
by intravenous drug users. These measures also helped to reduce the
subsequent impact of HIV and hepatitis C virus.

Epizootics are outbreaks (epidemics) of disease among animals that have
continued since ancient times; it could even be said that they are the same
ancient diseases. During the 20th century significant epizootics of viral
diseases in animals, particularly livestock, occurred worldwide. The many
diseases caused by viruses include foot-and-mouth disease, rinderpest of
cattle, avian and swine influenza, swine fever, and bluetongue of sheep.
Viral diseases of livestock can be devastating to both farmers and the wider
community, such as the outbreak of foot-and-mouth disease in the UK in
2001. Rinderpest which first appeared in East Africa in 1891, a disease of
cattle, spread rapidly across Africa. By 1892, 95% of cattle in East Africa
had died. This resulted in a famine that devastated the farmers and nomadic
people, some of whom were entirely dependent on their cattle. Two-thirds
of the population of Maasai people died. The situation was made worse by
epidemics of smallpox that followed in the wake of the famine. In the early
years of the 20th century rinderpest was common in Asia and parts of
Europe. The prevalence of the disease was steadily reduced during the
century by control measures that included the vaccination of livestock and
careful inventory control of imports and exports of livestock. By 1908
Europe was free from the disease. Outbreaks did occur following the
Second World War, but these were quickly controlled. The prevalence of the
disease increased in Asia, and in 1957 Thailand had to appeal for aid
because so many buffaloes had died that the paddy fields could not be
prepared for rice growing. Russia west of the Ural Mountains remained free
from the disease — Lenin approved several laws for the control of the disease
— but cattle in eastern Russia were constantly infected with rinderpest that
originated in Mongolia and China where the prevalence remained high.
India controlled the spread of the disease, which had retained a foothold in



Civilization and Disease 15

the southern states of Tamil Nadu and Kerala, throughout the 20th century,
and had eradicated the disease by 1995. Africa suffered two major
panzootics in the 1920s and 1980s. There was a severe outbreak in Somalia
in 1928, and the disease was widespread in the country until 1953. In the
1980s, there were outbreaks in Tanzania and Kenya. Of the non-human
animal viruses whiteflies (Trialeurodes vaporariorum) are the vector of cas-
sava mosaic virus. Recurrence of the disease in 1997 was suppressed by an
intensive vaccination campaign. By the end of the century rinderpest had
been eradicated from most countries. A few pockets of infection remained
in Ethiopia and Sudan, and in 1994 the Global Rinderpest Eradication
Program was launched by the Food and Agriculture Organization (FAO)
with the aim of global eradication by 2010. In May 2011, the FAO and the
World Organization for Animal Health announced that “Rinderpest as a
freely circulating viral disease has been eliminated from the world”. Foot-
and-mouth disease is a highly contagious infection caused by an aphthovirus,
and is classified in the same family as polio virus. The virus has infected
animals, mainly ungulates, in Africa since ancient times and was probably
brought to the Americas in the 19th century by imported livestock. Foot-
and-mouth disease is rarely fatal, but the economic losses incurred by
outbreaks in sheep and cattle herds can be high. The last occurrence of the
disease in the US was in 1929, but as recently as 2001, several large
outbreaks occurred throughout the UK and thousands of animals were
killed and burnt. The natural hosts of influenza viruses are swine and birds,
although it has probably infected humans since antiquity. The virus can
cause mild to severe epizootics in wild and domesticated animals. Many
species of wild birds migrate, and this has spread influenza across the
continents throughout the ages. The virus has evolved into numerous
strains and continues to do so, posing an ever-present threat of reemergence.
In the early years of the 21st century epizootics in livestock caused by viruses
continue to have serious consequences. Bluetongue disease, a disease
caused by an orbivirus outbreak, was seen in sheep in France in 2007. Until
then the disease had been mainly confined to the Americas, Africa, southern
Asia, and northern Australia, but it is now an emerging disease around the
Mediterranean. During the 20th century, many ancient diseases of plants
were found to be caused by viruses. These included maize streak and cas-
sava mosaic disease. As with humans, when plants thrive in close proximity
or are cultivated, so do their viruses. This can cause huge economic losses
and human tragedies. In Jordan during the 1970s, where tomatoes and
cucurbits (cucumbers, melons, and gourds) were extensively grown, entire
fields were infected with viruses. Similarly, in Cote d’Ivoire, 30 different
viruses infected crops such as legumes and vegetables. In Kenya cassava
mosaic virus, maize streak virus, and groundnut viral diseases caused the
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loss of 70% of the crop. Cassava is the most abundant crop that is grown
in eastern Africa, and it is a staple crop for more than 200 million people. It
was introduced to Africa from South America and grows well in soils with
poor fertility. The most important disease of cassava is caused by cassava
mosaic virus, a geminivirus, which is transmitted between plants by white-
flies. The disease was first recorded in 1894, and outbreaks of the disease
occurred in eastern Africa throughout the 20th century, often resulting in
famine. Of known plant viruses in the 1920s the sugarbeet growers in the
western US suffered huge economic loss caused by damage done to their
crops by the leafhopper-transmitted beet curly top virus. In 1956, between
25 and 50% of the rice crop in Cuba and Venezuela was destroyed by rice
hoja blanca virus. In 1958, it caused the loss of many rice fields in Colombia.
Outbreaks recurred in 1981, which caused losses of up to 100%. In Ghana
between 1936 and 1977, the mealybug-transmitted cacao swollen-shoot
virus caused the loss of 162 million cacao trees, and additional trees were
lost at the rate of 15 million each year. In 1948, in Kansas, US, 7% of the
wheat crop was destroyed by wheat streak mosaic virus, spread by the
wheat curl mite (Aceria tulipae). In the 1950s papaya ringspot virus — a
potyvirus — caused a devastating loss of solo papaya crops on Oahu, Hawaii.
Solo papaya had been introduced to the island in the previous century, but
the disease had not been seen on the island before the 1940s. Such disas-
ters occurred when human intervention caused ecological changes by the
introduction of crops to new vectors and viruses. Cacao is native to South
America and was introduced to West Africa in the late 19th century. In
1936, swollen root disease had been transmitted to plantations by mealy-
bugs from indigenous trees. New habitats can trigger outbreaks of plant
virus diseases. As of 1970, the rice yellow mottle virus was only found in the
Kisumu district of Kenya, but following the irrigation of large areas of East
Africa and extensive rice cultivation, the virus spread throughout East Africa.
Human activity introduced plant viruses to native crops. The citrus tristeza
virus (CTV) was introduced to South America from Africa between 1926
and 1930. At the same time, the aphid Toxoptera citricidus was carried from
Asia to South America, and this accelerated the transmission of the virus. By
1950, more than six million citrus trees had been killed by the virus in Sdo
Paulo, Brazil. CTV and citrus trees probably coevolved for centuries in their
original countries. The dispersal of CTV to other regions and its interaction
with new citrus varieties resulted in devastating outbreaks of plant diseases.
Because of the problems caused by the introduction, by humans, of plant
viruses, many countries have strict importation and export controls on any
materials that can harbor dangerous plant viruses or their insect vectors.
Even without mutation, it is always possible that some meniscal, obscure
parasitic organism may escape its accustomed ecological niche and be
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exposed to a new ecosystem with the dense populations that have become
so conspicuous a feature of the earth, creating some fresh and perchance
devastating mortality.

Emerging viruses are those that have only relatively recently infected the
host species. In humans, many emerging viruses have come from other
animals. We have talked about the viruses that jump to other species that
cause disease in humans and are called zoonoses or zoonotic infections. In
recent years, viruses are still here in the world as during ancient times, and
they could be spread worldwide through every ecosystem, if we are not
careful. In 2018 the Nipah virus outbreak in Kerala, India, caused by the
Nipah virus infection had 17 fatalities. The Kivu Ebola epidemic 2018-2020
in the Democratic Republic of the Congo and Uganda had 2,280 deaths. In
2019 the measles outbreak in the Democratic Republic of the Congo had
7,018 casualties. In the 2019-2020 New Zealand measles outbreak and the
2019 Philippines measles outbreak, 415 died. In the 2019 Kuala Koh measles
outbreak, there were 215 deaths, and in the Samoa measles outbreak, there
were 83 casualties. In 2019-2020 a dengue fever epidemic affected the
Asia-Pacific and Latin America with 3,930 fatalities. The Nigeria Lassa Fever
epidemic, from 2019 to the present, has killed 247. In 2020, the Democratic
Republic of the Congo had an Ebola outbreak killing 55. Between 2020 and
the present, Nigeria's yellow fever epidemic has caused 296 deaths.

West Nile virus, a flavivirus, was first identified in 1937 when it was found
in the blood of a feverish woman. The virus, which is carried by mosquitoes
and birds, caused outbreaks of infection in North Africa and the Middle
East in the 1950s, and by the 1960s horses in Europe fell victim. The largest
outbreak in humans occurred in 1974 in Cape Province, South Africa, and
10,000 people became ill. An increasing frequency of epidemics and epi-
zootics (in horses) began in 1996, around the Mediterranean basin, and by
1999 the virus had reached New York City. In the United States, mosquitoes
carry the highest amounts of virus in late summer, and the number of cases
of the disease increases in mid-July to early September. When the weather
becomes colder, the mosquitoes die and the risk of disease decreases. In
Europe, many outbreaks have occurred. In 2000 a surveillance program
began in the UK to monitor the incidence of the virus in humans, dead
birds, mosquitoes, and horses. The mosquito (Culex modestus) that can
carry the virus breeds on the marshes of north Kent. This mosquito species
was not previously thought to be present in the UK, but it is widespread in
southern Europe where it carries West Nile virus. In 1997 an outbreak of
respiratory disease occurred in Malaysian farmers and their pigs. More than
265 cases of encephalitis, of which 105 were fatal, were recorded. A new
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paramyxovirus was discovered in a victim’s brain; it was named Nipah virus,
after the village where he had lived. The infection was caused by a virus
from fruit bats, after their colony had been disrupted by deforestation. The
bats had moved to trees nearer the pig farm and the pigs caught the virus
from their droppings. Several highly lethal viral pathogens are members of
the Filoviridae. Filoviruses are filament-like viruses that cause viral hemor-
rhagic fever, and include the Ebola and Marburg viruses. The Marburg virus
attracted widespread press attention in April 2005 after an outbreak in
Angola. Beginning in October 2004 and continuing into 2005, there were
252 cases including 227 deaths. The Ebola virus epidemic in West Africa,
which began in 2013, is the most devastating since the West Nile virus.

The COVID-19 pandemic and its ever-changing variants are affecting
populations worldwide from 2019 to present; known as the coronavirus
disease 2019, the COVID-19 SARS-CoV-2 virus has killed an estimated
5.5-22 million+. Severe acute respiratory syndrome (SARS) is caused by a
new type of coronavirus. Other coronaviruses were known to cause mild
infections in humans, so the virulence and rapid spread of this novel virus
strain caused alarm among health professionals as well as public concern.
Vaccines have been developed in several forms, not to be used on everyone.
As for the coronavirus vaccine, the makers have tried to delay the release of
the side-effects for 75 years; apparently this was done for the smallpox and
polio vaccines. This often leads to misinformation about the pandemic and
the constant use of masks and gloves. The exact origin of the SARS virus
is not known, but SARS evidence suggests that it came from bats or was
related to bats. The coronavirus that emerged in Wuhan, China, in November
2019, and spread rapidly around the world may have been a man-made
modified bat virus. Subsequently named severe acute respiratory syndrome
coronavirus 2 (SARC2), infections with the virus caused a pandemic with a
case fatality rate of around 2% in healthy people under the age of 50, up
to around 15% in those aged over 80. The fatality rate lowered but the
infections increased because the new mutated virus was more contagious.
Control measures were limited in part by fear, misinformation, prejudice,
and stigmatization of infected people. Limited use of available virus
detection methods limited the knowledge of where the virus was located
in the environment, who was infected, and who had the virus and were
not infectious. Unprecedented restrictions, in peacetime, were placed on
international travel and curfews imposed in major cities worldwide with
limited effect, because, in part, they did not know who was carrying the
virus. One contagious person traveling with hundreds of healthy people
could infect the whole group. Governments were not prepared for the
scale of the pandemic worldwide; virology and epidemiology experts were
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complacent with regards to the efficiency of existing testing and monitoring
systems and the use of vaccines. With these limitations it was difficult to
control.

The discovery of the abundance of viruses and their overwhelming presence
in many ecosystems has led modern virologists to reconsider their role in
the biosphere. More than a trillion viruses likely exist on Earth, most being
bacteriophages, and most are in the oceans. Microorganisms constitute
more than 90% of the biomass in the sea. It has been estimated that viruses
kill approximately 20% of this biomass each day and that there are 15 times
as many viruses in the oceans as there are bacteria and archaea. Viruses
are the main agents responsible for the rapid destruction of harmful algal
blooms, which often kill other marine life, and help maintain the ecological
balance of different species of marine blue-green algae, and thus adequate
oxygen production for life on Earth.

The Human Genome Project has revealed the presence of numerous viral
DNA sequences scattered throughout the human genome. These sequences
make up around 8% of human DNA, and appear to be the remains of
ancient retrovirus infections of human ancestors. These pieces of DNA have
firmly established themselves in human DNA. Most of this DNA is no longer
functional.

Viruses have transferred important genes to plants. About 10% of all
photosynthesis uses the products of genes that have been transferred to
plants from blue-green algae by viruses. We may not be able to see viruses
with the naked eye, but through extensive viral research and understanding
of their phylogenetic relationships we know they have existed everywhere
humans have since prehistory.

Modern science has the advantage of not only seeing viruses and physically
counting them, but understanding their biological relationships due to the
discovery of DNA and RNA. Having these biomolecular tools has allowed
science to understand phylogenetic relationships. This grouping of viruses
by genetic relationship and indeed the type of disease that they cause has
set the stage for virus detection. But, first, let us look at a few basics: what
is a virus and how are they classified?
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Microbes, Fungi,
Bacteria, and Viruses

The three main types of microbes, fungi, bacteria, and viruses, are discussed
along with the various methods and techniques used to detect and classify
them. This process is a short history of the evolution of detection from
fungi, that are easily seen, to bacteria, that require a microscope, to viruses,
that require an electron microscope. Groups were classified by those means
as they became available. The discovery of genetics, DNA, and RNA and
the sequencing of the genome made understanding of the phylogenetic
relationships and the classification of organisms by their genetic relationships
possible. The number of viruses sequenced has increased (Figure 2.1). The
evolution of technology, such as computers and the mass spectrometer,
have allowed the ability to detect peptides and more importantly those
unique peptides associated with a particular strain of microbe. It is now
possible to detect a microbe (fungi, bacteria, or virus) or many microbes of
different types in a single sample using software.

Since they were first discovered scientists have wanted to be able to identify
and classify the many different microbes, in particular bacteria, fungi, and
viruses. It was an exciting time of discovery during the development of the
disciplines of microbiology, mycology, and virology. The results were that in
general an academic specialty was offered in the three fields. Sometimes
bacteriology and virology were offered in the same academic area referred
to as microbiology. One reason for this early separation was their size. Fungi
were large multi-micron- to millimeter-sized organisms, bacteria were 0.5
to 2.0 microns, and viruses were nanometer sized; generally three orders
of magnitude separated the fungi, bacteria, and viruses (Figure 2.2). Many
methods were developed for the detection and identification of these
microbes, and although some methods have many desired characteristics,
none of them satisfy all the criteria and none can detect and identify all
three types of microbes in a single sample preparation.

For many years this was the status — three groups of scientists, three dis-
ciplines of research, and various naming schemes. This status all changed
with the application of molecular biology and the ability to determine
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Figure 2.1  Growth of NCBI database of sequenced viruses.

Figure 2.2 Relative size of pollen, fungi spores, bacteria, and virus. Pollen = 100 um. Fungi — 10
pum. Bacteria — 1 um. Virus — 0.01 pm.

microbes’ genomic sequence. Standardization occurred, and order was
established among the microbes. This change swept through all three dis-
ciplines in a few years. Classification schemes were changed to move those
microbes closely related genetically into the phylogenetic mapping scheme.
All types of microbes were moved around within the old schemes to cre-
ate a new classification scheme. There were changes within the disciplines
as a result; scientists re-learned the new schemes and saw some of their
microbes listed and published with new names along with the old name in
parentheses.

The prospect of needing a rapid single detection platform method pres-
ents many challenges. Some challenges are unique to epidemics, and others
are common for all testing situations (Klietman and Ruoff 2001). Detection
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platforms should be capable of rapidly detecting and confirming hostile
microbes, including modified or previously uncharacterized ones, directly
from complex matrix samples, with no invalid results. Instruments should
be portable, user-friendly, and capable of testing for multiple microbes
simultaneously.

2.1 Fungi

2.1.1 What is a fungus?

Fungi (single: fungus) are eukaryotic organisms that include molds, yeasts,
and mushrooms. The fungi are classified as a kingdom (Figure 2.3).

2.1.2 How are fungi detected/classified?

Fungi are known to most people as the mushrooms that we see and are
separated from each other by eye. This early separation into groups by
descriptive taxonomy means that even in ancient times the fungi were clas-
sified. Some are good to eat, and some are not. The discovery of micron-
sized fungi came along later as technology enabled the discipline to expand,
and these microbes were then included in the classification schemes, but
mainly their outward characteristics were used to name the different fun-
gal species. Those fungal species that affected people in ways other than
being toxic were generally few, and their study was usually a specialized
field within the overall medical microbiology discipline. However, those that

Five Kingdom Classification of Organisms

Living Organisms

Superkingdom
Prokaryotae Eukaryotae Viruses
Non-cellular Organisms
Kingdom
Prokaryotae are Bacteria and 1. Protoclista

Cyanobacteria organisms that are
autotrophic, heterotrophic, motile
and non-motile.

Organisms that resemble the ancestors of plants, animals and
fungi which include algae, protozoa, slime, moulds.

2. Fungi
Organisms are heterotrophic and non-motile. Food is digested
outside of the body and products of digestion absorbed.

3. Plantar
Organisms are autotrophic and non-motile.

4. Animalis
Organisms are heterotrophic and non-motile. Food is ingested
(taken into the body) before digestion.

Figure 2.3 Classification of living organisms; notice the viruses are a dotted line as they are
sometimes not considered to be living organisms.
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affected plants, trees, and food sources were also important, and the field
of mycology evolved among these disciplines. The discovery of genetics and
the ability to genetically separate fungi further allowed them to be related
by their phylogenic relationships.

2.2 Bacteria

2.2.1 What are bacteria?

Bacteria (singular bacterium) are ubiquitous microorganisms consisting
of one biological cell. They are smaller than fungi but larger than viruses
(Figure 2.2). Bacteria are classified in the superkingdom, Prokaryotae (Figure
2.3), and are known as prokaryotic microorganisms because they do not
have nuclei that are partitioned by an intracellular membrane. Bacteria
inhabit the soil, water, hot springs, and most habitats. Many bacteria have
not been sequenced and are unclassified. The academic discipline is known
as bacteriology.

2.2.2 How are bacteria detected and classified?

Early efforts used to classify and identify bacteria concentrated on growing
them and learning what they metabolized and other physical features, such
as color, edge of colony characteristics, if they were round or rods, and if
they had an ability to stain with iodine. These differences are used to classify
them into groups for naming purposes. Gram positive and Gram negative
organisms could help identify infectious diseases and gave professionals
the ability to identify the same microorganism — Gram negatives and Gram
positives Worldwide, this ability to identify and classify bacteria quickly
helped in the control of infections and outbreaks of infections associated
with historical epidemics. The discovery of antibiotics for controlling
bacterial infections produced a rapid increase in scientific work, and the
discipline of microbiology grew along these lines of research.

The common and historical bacteriological methods have provided a basis
for identification and frequently are still the routine identification methods.
These techniques are generally based on the determination of the mor-
phology, differential staining, and physiology of a bacterial isolate (sample).
These tests can be performed by means of miniaturized and automated
substrates that utilize screening methods to classify and identify the iso-
late. Popular systems in this classification and identification category are the
VITEK (BioMerieux, Hazelwood, MO) and MicroLog (BioLog, Hayward, CA)
that utilize metabolizable substrates and carbon sources or susceptibility
to antimicrobial agents. Such systems have been used to identify microbes



Microbes, Fungi, Bacteria, and Viruses 25

such as Bacillus anthracis (Baille et al. 1995), Yersinia spp. (Linde et al. 1999),
and other pathogens (Odumeru et al. 1999). In addition, BioLog introduced
a "dangerous pathogen” database to its MicroLog system. Although such
techniques are still considered standard practice for the isolation and iden-
tification of infectious microbes, they are time-consuming, and often can
take days to obtain even preliminary results.

The classification and identification methods that have resulted from the
genomic methods have resulted in phylogenetic classification and the use
of new methods. Such methods as mass spectrometry proteomics (MSP)
can classify and identify sequenced bacteria using software. More than
437,192 prokaryotes have been sequenced.

2.3 Viruses

2.3.1 What are viruses?

Viruses (singular: virus) are considered to be infectious microbes that consist
of a segment of nucleic acid (either DNA or RNA) surrounded by a protein
coat. They are not included among the living cell-based microbes (Figure
2.3) but have an extensive classification due to their physical characteristics
and their phylogenetic relationships (Figure 2.4). Viruses cannot replicate
on their own but utilize the cellular apparatus to make copies and in this
manner are very different from organisms in other kingdoms.

2.3.2 How are viruses detected and classified?

The discovery of viruses resulted in the development of new methods and
improvements in all detection technologies: electron microscopy, molecular
methods, direct detection, and mass spectrometer means. Improvements
in both scanning and transmission electron microscopes improved the
visualization of viruses. Resulting discoveries found multitudes of different
surface features on viruses, the different sizes of viruses, and other features
of viruses that resulted in their early characterization. Names of viruses
were frequently associated with the host and type of illness. Viruses are
frequently characterized by their wide variety of shapes and features, such
as with envelope, without envelope, spherical, helical, and the bacterial
phages which have head and tail arrangements. Viruses range from 20 to
350 nanometers (nm). Viruses are ubiquitous. Animals, insects, plants, and
bacteria all have their own special viruses.

Attempts to bring order to the characterization of viruses were initially cha-
otic. The naming of new viruses is sometimes challenging. Putting order to
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Figure 2.4 Classification of viruses according to whether they contain RNA or DNA.

this chaos is the responsibility of the International Committee on Taxonomy
of Viruses (ICTV). Viruses are sorted (classified) by their phenotypic charac-
teristics, such as their morphology, the nucleic acid type (DNA, RNA), how
they replicate, the host organisms they inhabit, and what disease they are
associated with. This classification scheme is an ongoing process; however,
Figure 2.3 indicates where viruses are associated with other organisms; they
are represented as a superkingdom because they are different from living
things because they lack a cellular structure. Nevertheless, Figure 2.4 rep-
resents a refinement of this classification by dividing the viruses into two
groups, those with RNA and those with DNA Figure 2.5 Further physical
features divide the viruses according to those viruses with an envelope and
those without an envelope. It is beyond the scope of this book to delve
into the controversies of the naming and classification schemes; that is the
function of the ICTV.

Since its discovery in the 1930s, electron microscopy has been widely used
to look at all aspects of the nano world. Its use in visualizing viruses has
allowed the discovery of their sizes and a plethora of features; morphology,
surface proteins, and organization are just a few examples. Because it is
looking at a virus it does not depend upon genomic information; this is a
physical process. Genomic information is not needed to detect a new virus.
Likewise, electron microscopy does not identify a virus.
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Figure 2.5 Division of the (a) DNA viruses and the (b) RNA viruses based on the presence or
absence of an envelope.

Molecular methods are often considered to be polymerase chain reaction
(PCR) based and similar methods based upon the genomic information of
viruses. Other methods, though not related, are the immunoassay means
where the detection of virus depends upon the detection of the viral anti-
bodies being detected.

Nucleic acid-based methods usually combine PCR amplification with the
simultaneous detection of amplified products based on changes in reporter
fluorescence. For specific detection, the change in fluorescence relies on
the use of dual-labeled fluorogenic probes. An increase in fluorescence
indicates that the probe has hybridized to the target DNA, and this principle
is used for a variety of tests that rely on the quantitative presence or absence
of targeted sequences. However, the main PCR format used for biothreat
agents is usually specific target detection, and a wide variety of primer
and probe combinations are available from many companies in a multitude
of configurations. Many of these specific target configurations rely on
mechanistic variants in the primer and probe construction and combinations
which can include TagMan probes and other primers (Westin et al. 2001).
They are available commercially and can be customized. Recently, several
companies have started to offer PCR kits in various formats for the detection
of viruses. These kits simplify primer/probe design and facilitate remote
and rapid detection and monitoring programs. Many of the nucleic acid
approaches for the detection of biothreat agents are described in review
articles (lvnitski et al. 2003). Additional approaches investigate methods to
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detect nucleic acids from viruses using isothermal amplification or directly
from samples without using an amplification step.

To increase the specificity of detection methods, immunoassays gained
popularity in the 1990s despite the fact that they can test for only one
analyte per assay. This limitation means that multiple simultaneous or
sequential assays must be performed to detect more than one analyte in a
sample or specimen. Advances in assay design and in matrix format have
resulted in the development of multiplex assays that can be performed
on multiple samples simultaneously by automated systems. However, the
specificity of immunoassays is limited by antibody quality and sensitivity
(detection limits ~10° cfu) which is typically lower than with PCR and other
DNA-based assays. With improvements in antibody quality and assay
parameters, it may be possible to increase immunoassay sensitivity and
specificity in the future. Many different immunoassay formats are currently
commercially available for a wide variety of detection needs. Many formats
are similar to, or derived from, the classic sandwich assay based on the
enzyme-linked immunosorbent assay (ELISA) design (Murray et al. 2003).

The current limitations of existing bioassays have become evident. They
cannot generally identify unknown microbes. Identification is predicated on
existing knowledge of a virus. Specific antibodies or specific primer/probe
pairs are required. Many attempts have been made to extend this capability,
but it will always come up short when confronted with the magnitude of the
problem; there is always one more virus. Current techniques are expensive
and frequently require special skill, expensive preparation, manufacturing,
and reagents. Something else is indicated.

The invention of the Integrated Virus Detection System (IVDS) in the late
1990s is discussed in Chapter 6. IVDS was invented to detect intact viruses
and be able to separate them according to size and concentration by
simply counting them. This capability allowed for the rapid screening of
samples without the encumbering reagents and complications of molecular
biology methods. A highly reliable method for the detection of viruses
emerged — rapid screening by IVDS and confirmation by other methods
such as immunoassay, PCR, or MSP. Fast detection followed by relatively
fast methods to identify followed by comprehensive characterization (MSP).
This method is ideally suited for the detection of un-characterized, or for
practical purposes unknown, viruses, since it is a physical detection method
and not dependent on genomic information.

Chapter 7 discusses the MSP technology that has been rapidly developing
during the last 25 years, mass spectrometry proteomics approaches to
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microbe identification. Early MS devices were able to detect the byproducts
produced by microbes, such as fatty acids, and developed work arounds
for detecting viruses, but it was not until improvements in the mass
spectrometry techniques coupled with proteomic approaches that an
acceptable next evolution in the detection and identification of microbes
was achieved; individual peptides could be detected and identified.
Associating these peptides using the ABOid software allowed the sorting
of those peptides unique to a particular sequenced virus which allowed for
accurate identification.

Mass spectrometry proteomic methods gather a wide range of information
about microbes. The techniques are not limited by reagents or prior
knowledge of a microbe. This approach is not a directed or targeted
approach to identification. Often tens of thousands of unique peptides are
associated with each particular sequenced virus (more than 50,000 viruses).

Initially mass spectrometry (MS) methods used profiles of both pyrolytic
products and fatty acids as specific microbial biomarkers for identification
purposes. For example, the commercial microbial identification system (MIDI
Inc., Newark, DE) continues to use gas chromatography (GC) of cellular fatty
acid methyl esters for the identification of bacteria. This method has been
used to identify and differentiate Bacillus spores and other potential biologi-
cal warfare agents (BWAs). Furthermore, MIDI Inc. introduced the Sherlock
Bioterrorism Library that can be added to its identification system to spe-
cifically target biothreat agents and other organisms of interest. The MIDI
Sherlock system containing the MIDI BIOTER database has been awarded
AOAC Official Methods of Analysis status for the confirmatory identifica-
tion of Bacillus anthracis (AOAC International 2004). On the other side, the
Chemical Biological (CB) MS system developed by DOD used the pyrolytic
processing of biothreat agents to generate mainly fatty acid methyl ester-
products analyzed by MS-based methods for discrimination.

Advancements in genomics, hardware, and software have made this new
capability possible. A rapid increase in the number of sequenced microbes,
bacteria, fungi, and viruses has occurred in the last few years, and this trend
is expected to continue. In addition, mass spectrometers have improved
during the last several years, and in some cases, what was dreamed possible
only a few years ago is now taking place in our laboratories. Very fast
acquisition (thousands of peptides in minutes) and high resolution (100,000
at m/z 400) have resulted in sensitivities (subfmole = 10-16-10-"7 mole by LC/
MS) that are continuing to improve. Computer capabilities have improved
rapidly in the last few years, making possible calculations that took longer
than a week to perform a couple of years ago in less than a few minutes.
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All this capability is rapidly improving at such a rate that it is not unusual
to see in an active laboratory often several generations of various types of
equipment used to evaluate microbes. Changes are taking place as research
is taking place; results from previous research re frequently improved by
new equipment. Frequently, these improvements are seen in what was
once limited by hardware or computers in both sensitivity and the time to
analyze.

The convergence of genomic sequencing, mass spectrometer advancements,
faster computers, and software has made it possible to sequence and
analyze peptides using the mass spectrometer. Software can be used to
calculate all the known peptides for a sequenced microbe and then sort
out all the microbes from each other to determine those peptides that are
unigue to a given fungus, bacteria, or virus. It is then simple to construct
a phylogenic tree to identify an organism or organisms and relate them to
their near neighbors. This is a genetically accurate and sensitive method for
detecting and identifying all the microbes in a complex mixture.

It sounds simple enough, pick a mass spectrometer, select a fast computer,
and utilize appropriate software, and you suddenly can detect and identify
microbes. Scientists and engineers have been busy, and there are many
types of mass spectrometers and several types of computers and many sorts
of software. Advancements historically have proceeded over a wide front.
It seems that advancements have come at a fast pace for MS hardware,
computers, and software.

MSP can detect and classify all three types of microbes (fungi, bacteria, and
virus). The technology has been tested, and many double-blind trials have
proven its capability. It has high accuracy similar to or better than com-
mon PCR means. The results also demonstrate that MSP can detect and
identify microbes that are not sequenced (not in the genetic databases)
to the level that can be matched by their unique peptides (family, genus,
species) based upon their genetic similarities, for example some species of
E. coli are sequenced to species and others are not. MSP can detect and
identify a genus of E. coli for those species not sequenced. In this manner,
microbes can be classified according to the degree of match to their taxo-
nomic hierarchy making the detection and grouping of unknown microbes
scientifically sound.

When MSP methods are combined with other methods such as the IVDS,
greater capabilities are realized. In the IVDS/MS method many samples can
quickly be analyzed for the presence of viruses and only the positive samples
continue to the MS for identification. This combination also improves the
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sensitivity of detection by concentrating and separating the viruses from
complex mixtures. Such hybrids improve the discrimination of negative and
positive samples and improve overall identification time.

Different types of mass spectrometers have been developed; their operating
principles are discussed, as well as a brief examination on how they are used.
Since there are different types of mass spectrometers it is not surprising that
they have in general different preparation methods. The analysis of the MS
files then is determined by what sort of information can be obtained.

It is clear that a combined microbe detection platform must be capable
of detecting a variety of microbes in complex samples. This capability is
vital because samples may contain toxins, fungi, bacteria, viruses, and other
types of analytes. In some instances, microbes may have been deliberately
altered through genetic, antigenic, or chemical modifications or may
represent new or uncommon variants of known microorganisms. Such
modifications can make detection difficult using the common methods.
Therefore, the only way to overcome these problems in a timely fashion
would be the rapid sequencing of nucleic acids or deducing nucleotide
sequence information from amino acid sequences of proteins. The latter
approach has the advantage of including protein toxins, which can be easily
modified to escape detection by any method that does not rely on amino
acid sequence information.

Developments in the area of MS allow for the application of this analytical
platform for the analysis of nucleic acids and proteins and obtaining
sequence-based information about the microbial world. This information
is suitable for the detection, classification, and reliable identification of all
microbes. Three important considerations are the sensitivity, specificity, and
reproducibility of such a platform.

An important consideration in virus is the collection and handling of
samples. Airborne and waterborne samples generally must be concentrated
from large volumes to detect low levels of target analytes. In many cases
airborne samples must also be transferred to a liquid because most detection
platforms process only liquid samples. The efficiency of recovery from
concentration and extraction procedures can vary and affects detection
limits. It is advantageous to isolate or concentrate target analytes prior to
analysis in complex sample matrices such as powders or food.

In general, detectors that use nucleic acid detection systems such as PCR are
more sensitive than antibody-based methods. PCR requires a clean sample
and is unable to detect protein toxins and other non-nucleic acid-containing
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analytes such as prions. Furthermore, cultures of the target organism are
not available for archiving and additional tests after the PCR analysis is com-
plete. MSP techniques can identify thousands of specific viruses and archive
the results to be analyzed again if new viruses are discovered to check if the
new virus was in fact contained in the historical sample.

Specificity is as important as sensitivity in the detection of biothreat
agents. High specificity is important to minimize background signals and
false positive results from samples that are often complex, uncharacterized
mixtures of organic and inorganic materials. Specificity can be affected
not only by background particles, but also by high concentrations of
competing antigens and DNA. The high sensitivity of PCR, for example,
can also be a major weakness because contaminating or carry over DNA
can be amplified, resulting in false-positive results. MS methods that use
sequencing information for detection and identification purposes are usually
characterized by high specificity that is limited only by the sequencing
information available in databases.

Being able to replicate the method is as important as sensitivity and
specificity. Reproducibility is an important requirement for detection
platforms because systems that do not provide reproducible results are
unreliable and may exacerbate a terrorist event. Many factors can affect
the repeatability of bioassays, including the stability and consistency of
reagents and differences in assay conditions. These variations can often be
reduced by standardizing assay conditions and procedures; however, the
best solution would be the use of one of the methods that do not use
reagents.
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Indirect Methods of
Detecting Viruses

3.1 Introduction

What did people do before 19307 They could not see a virus; they knew
about bacteria as they were seen for the first time with the invention of
optical microscopes and the resultant discovery of bacteria first seen by
Antonie Van Leeuwenhoek in 1676. Much research followed regarding
the microworld and especially the unicelled organisms discovered. Among
these discoveries was the ability to filter the microorganisms. Filters were
used to “clean” up the samples and remove the microorganism. Smaller
particles in the sample capable of causing infections were discovered. One
of the noteworthy examples of this discovery was the tobacco mosaic
virus (TMV). It was observed that tobacco plants were developing spots
or “mosaic”-like patterns on the leaves. It was later determined that TMV
actually infects a wide range of other plants. TMV is often considered the
first “virus” to be discovered and has been known since the 19th century.
[t was a non-bacterial infectious disease and was known to be smaller
than a bacterium because it could pass through filters designed to remove
bacteria. The filtered liquid was found to still infect tobacco plants. It was
not until the invention of electron microscopes in the 1930s that it was
visualized and classified accordingly. It should be noted that filters were
developed in the 1990s that were marketed as virus-free filters. This was
later proven incorrect as some viruses passed through the membranes. The
mechanics of how this is done are still a mystery.

There were several indirect observations of non-bacterial infections. Some
thought the culprits were small bacteria, but after a long period of discovery
and the presence of the new electron microscopes, it was determined that
there was a new group of microbes, and they were called viruses.
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4

Electron Microscopy

4.1 Introduction

Historically, the next major invention for the detection and discovery of
viruses was the electron microscope. It was invented by physicists in the
1930s after the discovery of electrons that would behave as light particles
and thus could be manipulated like light by magnetic means. These
magnetic lenses became the apertures and condensers of this new type of
microscope. The resolution was greater than light microscopes and was such
that they could visualize particles in the nanometer size, and this opened
up a whole new world for research and discovery. This began the discovery
of many sorts of viruses and their classification by physical features and the
diseases they cause.

Electron microscopes evolved from the study of physics by Max Knoll and
Ernst Ruska producing the first transmission electron microscope (TEM). The
first commercial TEMs were made in 1939 and the 1940s. These instruments
and their capability to visualize the microworld have blossomed into a tool
for science spanning many disciplines. Ruska was awarded the Nobel Prize
in physics in 1986.

Electron microscopy has been divided into two main groups with variations
within each group —TEM and scanning electron microscopy (SEM). These
two groups are ideal to visualize individual viruses. This technology has
been able to determine the size of a virus, from the small polio virus (~24
nm) to the larger smallpox virus (300 nm). This enables the grouping of
viruses by size (Figure 4.1). Round virus, rod shaped viruses, odd shaped
viruses, environmental viruses, and viruses found in every niche in the
biological world have been seen and studied. From the TEM images, the
first drawing of a virus was made showing the surface features and shapes.
Further, it has been possible to determine the physical features associations
with cells. SEM can render a 3D image of samples with a resolution of a
few nanometers. This ability has provided diagrams of details of the surface
structures of viruses.

It is important to note that electron microscopes (both TEM and SEM)
are routinely used to study nearly everything from electric circuits in
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Figure 4.1 The size in nanometers (nm) of common viruses as determined by the electron
microscope.

Nanometers

microprocessors, to animal cells, plant cells, bacteriophages, fungi, bacteria,
and viruses. Details of cells such as plasma membranes and the cell nucleus
and nanotubules can be seen and studied. Electron microscopy is used in
almost every scientific discipline.

4.2 Transmission electron microscopy

TEM is a method involving electrons which have a wavelength approximately
100,000 times shorter than photons of visible light. A TEM has a greater
resolving power than a photonic microscope. Specimens are thinly sliced
(100 nm thick) and small. The image results from the interactions of the
electrons passing through the thinly sliced sample. Using magnetic lenses,
the image can be magnified and focused to make an image that can be
directed to a fluorescent screen, photographic film, or a display.

4.2.1 How does TEM work?

TEMs are capable of imaging at a significantly higher resolution than light
microscopes, owing to the smaller wavelength of electrons. This enables
the instrument to capture fine detail — even as small as a single column
of atoms, which is nearly 100,000 times smaller than a light microscope.
Transmission electron microscopy is a major analytical method in the
physical, chemical, and biological sciences. TEM instruments have mul-
tiple operating modes including conventional imaging, scanning TEM
imaging (STEM), diffraction, spectroscopy, and combinations of these.
Even within conventional imaging, there are many fundamentally differ-
ent ways that contrast is produced, called image contrast mechanisms.
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Contrast can arise from position-to-position differences in the thickness
or density (mass-thickness contrast), atomic number (Z contrast), crystal
structure, or orientation (crystallographic contrast or diffraction contrast).
The slight quantum-mechanical phase shifts that individual atoms produce
in electrons that pass through them (phase contrast) are used, as well as
the effects of the energy lost by electrons on passing through the sample
(spectrum imaging) and more. Each mechanism is used to gather different
kinds of information to produce an image which depends not only on the
contrast mechanism but on how the microscope is used. All of the settings
of lenses, apertures, and detectors influence the quality of the image. TEM
are capable of extraordinary nanometer- and atomic-resolution informa-
tion, which, in ideal cases, can reveal not only where all the atoms are but
what kinds of atoms and how they are bonded to each other. TEMs are
regarded as an essential tool for nanoscience in both the biological and
materials fields.

4.2.2 How do you use electron microscopy?

Foremost, the use of an electron microscope implies careful observation
by a skilled operator. Many adjustments and tuning of the instrument are
required for optimal results. Likewise, there is considerable skill required for
preparing the specimen before using the instrument.

TEM uses an ultrathin specimen to reveal the internal structure of a sample.
The specimen is often placed in epoxy resin. Thin sections (100 nm) are
sliced, often with a diamond knife using an ultramicrotome. The thin slices
are placed on a small grid, stained to improve contrast, and then viewed on
the TEM; the steps are summarized:

e (Collect specimen (clean up)

e (Cut to size suitable for processing in ultramicrotome

e Embed in epoxy

e Specimens are thinly sectioned using an ultramicrotome
e Put thin sections onto a grid

e Stained

e Viewed using a TEM

e Record images (photographs or digital)

Sample preparation methods vary widely, depending on the nature of the
sample. Sometimes hundreds of methods are tested to select the proper
procedure for a given specimen. The process is routine once the methods
are determined.
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4.2.3 How do you identify a new virus?

Because electron microscopy is similar to using a regular photonic
microscope, identifying a new virus is easy. You simply look for it. The
preparation may require fine turning and the source might need careful
preparation, but a new virus is simply viewed the regular way. New viruses
that are unknown require some careful observation to ascertain the virus
details, such as size and features. It should be noted that aside from careful
observation and possible fine tuning of the sample preparation, adding a
new virus or rather the discovery of a new virus is made without reagents
or new materials (Figure 4.2).

4.3 Scanning electron microscopy (SEM)

SEMs use electrons to produce images of the surface. Electrons interact
with atoms on the surface of a sample and produce images by integrating
the various signals about topography and composition using information
obtained by electron beam position and intensity of the detected signal.
Some SEMs have a resolution better than 1 nm.

Examples of SEMs are given in Figure 4.3. Notice the nearly portable model.
These small desk-top models allow for the SEM examination of samples
nearly anywhere. They are simple to use and give great results.

4.3.1 How does scanning electron microscopy work?

Images are the result of a highly manipulated or focused electron beam
which scans the surface to be studied. As the beam interacts with the
sample being studied it is influenced by the features of the sample. The
beam electrons are reflected and gathered by a detector, or detectors
depending on the configuration of the SEM. The resulting black and white
images reveal details of less than 1 nanometer and resulting magnifications
between 5 and 500,000. The intensity of this interaction between the
electron beam and the surface of the specimen depends on the nature of
the specimen. The surface features have slightly different effects on the
electron beam, depending on how the SEM is configured, with either one
or two active detectors, and an intensity is measured. This creates a gray-
scale image to which artificial color can be digitally assigned (Figure 4.4).

4.3.2 How do you use scanning electron microscopy?

This is a similar process as for TEM, the difference is the specimen is not
sliced into thin layers. All that process is eliminated. The specimen is
attached to a specimen holder to be placed in the SEM. Often, before going
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(b)

Figure 4.2 (a—d) Various examples of a transmission electron microscope (TEM).

(@)

Figure 4.3 (a) SNE-4500M Tabletop SEM, (b) JEOL JSM-IT800HL, and (c) Thermo Scientific
Helios 5 Dual Beam SEM.
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Figure 4.5 lllustration of dengue fever virus showing features (approximately 49 nm).
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into the instrument, the sample is coated with metal, usually gold, to render
better contrast. The coated specimen in placed in the SEM and images are
recorded. To summarize:

e (Collect specimen

e (Coat specimen with metal which is used to improve contrast
e Place in SEM

e \iew specimen

e Record images (photographs or digital)

4.3.3 How do you identify a new virus?

Much in the same way as the TEM, the scientist uses careful observa-
tion. Sometimes special processing of the sample, coating, and handling
are needed for the best photographs or digital images. Seeing something
new requires skill and patience, but the new virus does not require special
reagents or handling. The best magnification depends on the size of the
virus.

4.4 lllustrations of viruses based on
TEM and SEM visualizations

TEM and SEM microscopes have allowed details of viruses to be illustrated
in structural diagrams. Research has filled in the functional features and
enhanced illustrations which have been useful and rewarding. Figures 4.5—
4.9 are illustrations of viruses seen in Figure 4.1.
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5

Molecular Methods for
Detecting Viruses

5.1 Introduction

What are molecular methods? This is a good question to ask anyone that
is seeking to know about how to classify and identify living things. Let us
begin by first discussing DNA, RNA, and the genomic approach to under-
standing organisms. Prior to the discovery of DNA and the fact that this
molecule contains all the information necessary to describe an organ-
ism, most living things were classified according to their description. One
example of this is the classification of fungi. Prior to the 1970s fungi were
organized and classified according to descriptive taxonomy. All mushrooms
with certain features were classified together and given a Latin name that
corresponded. If a mushroom had a red top, it might be named Fistulina
hepatica meaning little red top mushroom. This classification scheme was
known as the Friesian System of Descriptive Taxonomy; it was named after
Dr. Elias Fries in 1758 who was a Swedish botanist and developer of the first
system that was used to classify fungi.

The discovery of DNA and the resulting explosion of information that resulted
gave a means to classify organisms according to their genetic relationship to
each other. Fungi were reorganized according to genomic taxonomy. The
kingdom Fungi has gained several new members on the basis of molecular
phylogenetic analysis. This in turn has resulted in the Fungal Tree of Life
(AFTOL) Project funded by the US National Science Foundation. AFTOL
exists to discuss the uncertainties that remain about the exact relationships
of many fungi and where they belong in the phylogenetic tree where
organisms are classified by how close they are related generically.

It can be seen that fungi have gone through a rapid change in classification
during the last couple of decades. The result is a classification method based
on DNA which allows for all close relatives to be grouped together. New
discoveries can be added to the phylogenetic tree in a systematic fashion.
If this was complicated for the fungi which people have been seeing and
eating for thousands of years, imagine the difficulty in classifying viruses
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which were first visualized in the 1930s with the discovery of the electron
microscope.

Molecular methods for classifying viruses took the same path as molecular
methods used to classify fungi. The difference is that some viruses have
been classified by their DNA and others by their RNA. Also, some viruses are
so closely related that it is sometimes difficult to separate them into different
families and genus, let alone a separate species. This classification is further
complicated by the ease with which viruses mutate. This has become such
a complex issue that many virus species have been categorized into sub-
species. There is much academic discussion about where to place some of
the new emerging viruses. Attention has been focused in the main on those
viruses of interest to humans and animals.

The number of sequenced viruses has increased from a few viruses in the
early 2000s to nearly 50,000 viruses in 20 years as illustrated in Figure
2.1. This rapid increase has advantages and some disadvantages. The
main advantage is that we can classify the new viruses and place them
in their appropriate place on the phylogenetic tree. One major challenge
is keeping up with the identification of a new virus by genomic methods.
The new viruses are a challenge for some new detectors simply because of
the rapidly increasing and large numbers. Molecular-based virus detectors
are prioritized according to demand. This is the result of the time it takes
to develop a test protocol and the costs. The detection and identification
of an obscure bacteriophage is less important than the detection and
identification of a threatening new virus.

Discussed in other chapters are methods for detecting viruses that are
not limited by the constraints of molecular biology. Examples are electron
microscopy methods that visualize viruses, the VDS method for detecting
and counting viruses, as well as mass spectrometry proteomics (MSP) which
uses software; all of these methods have largely solved some of these
constraints of molecular biology.

The primary molecular biology methods used for detecting viruses are
polymerase chain reaction (PCR) and antibody methods. In the following
sections of Chapter 5 these methods and how they work will be discussed,
and we will answer the question — how do you add new viruses?

5.2 Polymerase chain reaction (PCR)

The PCR method is a laboratory technique that takes hours to days to reach
an analysis, although advances have been made that have resulted in small
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single use devices that take only minutes. The purpose of PCR testing is
to find small amounts of DNA or RNA in a sample. These bits of genetic
material are then increased using a process known as amplification to
provide enough DNA or RNA to produce a detection and identification
stage for a virus based on the genetic information.

Detecting viruses with RNA requires a slight modification of the historical
PCR methods. This new technique is called reverse transcription-polymerase
chain reaction (RT-PCR). RT-PCR uses RNA as starting material rather than
DNA for in vitro nucleic acid amplification. Reverse transcriptase catalyzes
DNA synthesis using RNA as the template. This makes the method an RNA-
dependent DNA polymerase reaction. A middle product is produced called
complementary DNA (cDNA). This is important because cDNA is more sta-
ble than RNA. As a result, RNA analysis in the clinical laboratory is nearly
as rapid and sensitive as PCR DNA amplification and is commonly used
in the diagnosis and quantification of RNA virus infections. Since many
viruses contain RNA, this process has provided an important step forward
in detection.

Unlike most bacteria, viruses are difficult to culture. Since RT-PCR allows the
identification of viruses which are difficult to culture this is a useful capabil-
ity and in particular for pathogens such as HIV (AIDS) and herpes. Advances
in the technology and the application of various methods of RT-PCR and
related techniques mean that analysis can be done in “real time"”, which
means that a visible result is produced almost immediately. Historically,
results were only visible at the end of the reaction and, as a result, RT-PCR
and PCR are widely used diagnostic tools for detecting virus pathogens.

PCR revolutionized the study of DNA and is often considered an important
advancement in molecular biology, to such an extent that its creator, Kary
B. Mullis, was awarded the Nobel Prize in 1993.

The primary steps of PCR testing are:

1. Determine the genomic sequence of the target organism.

2. Select the portion of the sequence to represent that organism and iso-
late it from the genome, usually a piece of the DNA or RNA. This portion
is snipped out of the long strand of base pairs that make up the genome.
These “snippets” are then used to create the “primers”. A primer is
unigue for a specific genome.

Primers are purified, prepared, and used in PCR instruments.

PCR testing.

5. Results.

W
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The first step in this complex biochemical manipulation is to select the seg-
ment or “snippets” of a particular genome to be targeted for identification.
This segment is that part of the genome that is to be amplified by PCR and
is used as the basis for identification. The major part of this process is to
first sequence the DNA or RNA of the organism to be tested. Some of these
strings of DNA and RNA can be long and have thousands or tens of thou-
sands of base pairs. “Primers” (which contain the “snippets”) are purified
and prepared and used in PCR instruments.

The concept is to isolate those portions of the string of DNA that are
unigue, usually by using specific software to sort the sequence. The unique
partial genetic sequence is then used to represent the genus to which the
organism belongs, e.g., influenza (Alphainfluenzavirus). A second partial
sequence is usually selected that is unique to the family or sometimes the
strain, e.g., influenza A or B. Sometimes a partial sequence is determined
for a unigue component of a microbe, e.g., the spike protein of the corona-
virus (COVID-19). These steps are frequently complex and require expertise
and skill to accomplish.

The first step is to design and create a “primer”, the unique genetic segment.
As mentioned, two segments of a particular genome or more are “selected”
for processing where one segment represents the genus of the organism,
and the second segment the strain of the organism or other unique features
of the virus. Since the genetic sequences of thousands of organisms are
available from the National Institutes of Health, a particular organism is
selected and the genome examined for segments of their DNA or RNA for
unigue properties (base pair combinations) related only to that particular
organism. Twenty to thirty base pairs are usually desired in selecting a
segment for processing; any less and there are possible errors, and any
more creates increases in processing time and other errors. This process
can be challenging as there are often many unique segments. The two
segments or more are identified by various means, usually by software for
further research. These segments are then individually isolated, separated
from the main genome, DNA or RNA, purified, and used as the “primer”.
The various primers are then used with various reagents in the many PCR
instruments. The results are an identification of the organism based on their
genome.

It is important in making these primers and the resulting probes to use the
appropriate melting temperature (T,); this is important in binding to the
target “snippet” or sequence. The number of primers available has grown
into the thousands.
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PCR is influenced by many factors which include the primer, the “snippet”
length, interactions with interfering factors such as metals, the occurrence
self-folding during the assembly of the base pairs, melting temperature,
annealing temperature, and GC (the nucleotides, guanine and cytosine)
content of the “snippet”.

The usual steps in PCR are frequently automated in a PCR instrument and
are considered important for accurate and reliable operation and results.

e Primers’ melting temperature (T,) — ideally 62°C, but can range between
60 and 64°C. This is important for the PCR enzyme function.

e Annealing temperature (T,) — depends on the length and composition
of the primers, usually no more than 5°C below the T, of the primers.
Errors can result if this temperature is much lower or too high, leading to
nonspecific amplifications or inefficient annealing.

e GC content — generally ideal at 50%, but can range between 35 and
65%.

To summarize the PCR process after the sample is introduced to the PCR
instrument, what happens in the instrument?

e The sample is heated to denature the DNA (separating the DNA into
two pieces).

e An enzyme called Tag polymerase is used (it builds two new strands
of DNA, and this method is used to create a duplication of the original
DNA).

e Repeat process in the thermocycler, to create copies (process is repeated
30-40 times to produce up to a billion exact copies of the DNA seg-
ment; this results in exponential amplification).

e Reagents are consumed and reaction stops (end point, plateau phase).

e Read via optical means (fluorescents) the color change produced by the
amplified copies. PCR reactions contains a fluorescent reporter molecule
(green dye) to monitor the accumulation of PCR product. As the product
increases so does the fluorescence.

e Determine positive results using a computer.

Different PCR processes take measurement at the exponential phase, the
liner phase, or the plateau phase depending on the type of instrument
(Figure 5.1). Each has advantages and limitations. The plateau phase is
where traditional PCR takes its measurements, also known as end-point
detection; this can also produce variable results.
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Figure 5.1 PCR phases. Traditional PCR measures at the plateau.

Figure 5.1 illustrates multiple samples which had the same amount of
DNA in the beginning of the reaction and different quantities of PCR
product by the plateau phase of the reaction due to variations in reac-
tion kinetics. As a result, it would be more precise to take measurements
during the exponential phase, where the replicate samples are amplifying
exponentially.

Real-time PCR focuses on the exponential phase because it provides the
most precise and accurate data for quantitation. Within the exponential
phase, the real-time PCR instrument calculates two values. The threshold
line is the level of detection at which a reaction reaches a fluorescent inten-
sity above background. The PCR cycle at which the sample reaches this level
is called the cycle threshold (C). The C, value is often used to determine
an estimate of the concentration by comparing the values of samples of
unknown concentration with a series of standards.

Digital PCR counts individual molecules for absolute quantification. Digital
PCR works by digitizing a sample into many individual real-time PCR reac-
tions; some portions of these micro reactions contain the target molecule
(positive) while others do not (negative). Following PCR analysis, the frac-
tion of negative answers is used to generate an absolute answer for the
exact number of target molecules in the sample, without reference to stan-
dards or endogenous controls.
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Figure 5.2 lllustrated view of a PCR instrument showing locations and features of components.

Figure 5.2 illustrates basic features of a PCR instrument. The different
components are exposed, such as the thermal cycler, LEDs, the CCD
camera, and the computer. Operation of the instrument is usually
automated.

Figure 5.3 illustrates the typical output for a single sample and for the analy-
sis of multiple samples and standards (Multiplex). In this manner multiple
samples can be analyzed at the same time.

5.2.1 How do you add new viruses?

Adding a new virus requires a few steps. The virus needs to be identi-
fied and isolated. It then needs to be sequenced. Identifying the genomic
material is next, followed by biomolecular processing to produce a useable
primer (“snippet”). Once the primer is processed much of the PCR process
is the same. This process takes time and skill (Figure 5.4a—d).

5.2.1.1 Examples of PCR instruments
Testing for COV-19 is used as an example of using PCR for the detection of
a virus. The steps are outlined and explained.

The steps in Figure 5.5 start with: (1) take a sample from the patient’s nose
or mouth. Samples are taken from these locations because they are eas-
ily accessible and are known to contain the COVID-19 virus if present; (2)
isolate the COVID-19 RNA from the patient sample. RNA extraction is a
common laboratory procedure that can be performed with commercially
available kits containing the appropriate methods used to separate RNA.
Often a centrifuge is used to separate materials by their densities, and this
step is important in the RNA extraction; (3) convert RNA into complemen-
tary DNA (cDNA) by an enzyme called reverse transcriptase. The RNA is
converted into cDNA because the final step can only be performed on DNA.
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Figure 5.3  Example of PCR results for both (a) simple, single analysis and (b) multiplex analysis
using several primers.

The cDNA is now combined with primers specific for COVID-19, a special
enzyme called Tag polymerase and a special fluorescent probe. Primers are
assigned to specifically test for COVID-19, based on information from the
COVID-19 genome. All of these components are loaded into a plate and
run in a real-time PCR machine and analyzed. Because these primers are
specific to COVID-19, the PCR test will not amplify any ¢cDNA if the orig-
inal sample does not contain COVID-19 RNA. In this manner, when the
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Figure 5.4 (a) QuantStudio™ 3 Real-Time PCR System, 96-well, 0.1 mL from Thermo Fisher
Scientific, (b) Biorad Real Time PCR Machines, (c) Powergene 9600 Plus Real-Time PCR System,
and (d) BioTeke Fast real-time fluorescence PCR analyzer (BTK-8).
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Figure 5.5 The COVID-19 test starts by taking a sample from the patient’s nose or mouth.
Samples are taken from these locations because they are easily accessible and are known to
contain the virus.

fluorescent reaches an appropriate level to be detected the sample is posi-
tive, otherwise it is considered negative.

The data is then exported to a computer and processed. If the sample
shows a level of COVID-19 RNA above the concentration (C,) (negative sam-
ple threshold (cycle threshold)) and all of the controls produce the expected
results, the patient tests positive for COVID-19.

5.3 Discussion of PCR methods

PCR techniques are a valuable means to identify a specific microorgan-
ism and for multiplexing many sequenced microorganisms. Frequently this
information can be used to determine the phylogenetic relationships and, in
this manner, organize all organisms according to their genetic relationships.
PCR is used to amplify enough DNA or RNA for many other uses.

PCRis most useful when detecting known or sequenced microbes. Unknown
microbes, those not sequenced, create a challenge. Some methods use
primers that represent a higher classification primer, those that are unique
for the order or family. In this manner, we have at least an idea of where
in the phylogenetic tree an unknown microbe might be located, such as
the Paramyxoviridae viruses or the hepatitis viruses. A truly unknown virus,
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and there are likely trillions, would be invisible to PCR until the unknown
microbe is sequenced and a proper primer made.

Viruses that are manmade are a special situation. Identification can be
confused, as a virus may be made to look like an existing sequenced microbe,
when it actually has properties of something else. Until properly sequenced,
primers made, and the proper phylogenic relationships determined, viruses
may evade detection. Commercial PCR kits are available for quantitative
analysis of a limited number of clinically important viruses. Some single-use
PCR kits are being used for home testing.

Additional processing time is required before this test can be done when
sequences, primers, and other procedures are needed, as in the case of a
new virus. When these other steps are performed, careful skilled attention
is required; this is not a fast process. The n+1 rule is important to remember;
there is always one more virus.

5.4 Antibody methods

Frequently these methods are considered serology tests, that is, tests based
on the presence of an antibody to a particular microbe. Usually, this is used
to test for infections to which people or animals have been exposed. Often
these antibodies will remain with a person for a long time, depending on
the microbe.

5.4.1 Detecting viruses using antibodies and how do they work?

A blood sample is used to test for antibodies, although saliva or nasal
secretions can be used. If there are antibodies present for a particular
virus, they will match and bind to the viral antigen. The test determines if
a patient has had previous exposure to a virus and has made antibodies. A
negative result can result if taken early and the body has not had a chance
to produce antibodies (Figure 5.6).

If antibodies have been produced for a particular virus, a marker (viral anti-
gen) will react with them. The reaction results in a chemical change and
a resulting visual signal. An example of this is the home pregnancy test;
if there is a reaction to certain antibodies then the test turns positive. If
there are no antibodies, or low values, there is no reaction. The body pro-
duces antibodies to an infection. Harvest these antibodies and put them
on a probe and then expose them to the virus and you get a reaction,
and a visual positive. The reaction depends on the antibody produced, for
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Figure 5.6 Antibody detection process for the COVID-19 virus.

example, if an antibody is produced for a portion of the virus, then the reac-
tion will be for that portion, e.g., spike protein for COVID-19.

5.5 How do you add new viruses to the
antibody method of detection?

Similar to other biomolecular methods, the first thing needed is to acquire
the antibodies to a particular virus. Once these are acquired in enough
numbers, they are incorporated into antibody test methods. Antibodies
reacting to a virus antigen will produce a positive reaction. If there are no
virus antigens, then there is no reaction and the test is negative. Adding
new viruses takes time and skill.
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Direct Virus Counting
Methods, Such as IVDS

6.1 Introduction

Advances in the understanding the physical features of viruses and other
sub-micron sized particles were made along with the advancements
in particle counting technology during the late 1990s that allowed the
counting of individual viruses. Viruses exist in a special physical space
known as the Virus Window (Wick 2015), where the heaver particles are
excluded and the lighter particles are also excluded; this was determined
by their cesium density gradient determination which separated the
viruses according to their size and according to their buoyant density. The
different sizes were confirmed by electron microscopy. Furthermore, the
concentration of these other particles, if present in a sample, are frequently
low and below background measurements. The first instrument developed
was the Integrated Virus Detection System (IVDS), including an electrospray,
differential mobility analyzer (DMA), and condensation particle counter
(CPQ). This arrangement of instruments allows for the separation of the
viruses and can “count” several viruses in a single sample. The process
generally has simple sample preparation and takes just minutes to analyze.
Viruses in a saliva sample can be analyzed in minutes.

Considering the many shapes of viruses from long thin ones, to small round
ones, to polymorphic forms, the question is often asked, “How are the
viruses seen on the particle counter?” The viruses, regardless of shape,
are seen as an average size. The best comparisons are national standards
made by precipitation. They have an average distribution which represents
the standard, such as 50 nm. This size standard has a wide bell-shaped
distribution with the center at the size standard, for example 50 nm. The
same is the case for a virus; it is a distribution with the peak at a given size
for that particular virus. It remains the same for the analysis. Viruses that
are round present a narrow distribution in size and the bell-shaped curve is
steep, such as the polio virus.

The IVDS method for detecting viruses changed everything with respect to
virus analysis. There is no culturing and no reagents, the analysis is quick,
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and it is generic to all viruses. It has a long shelf life, as the instrument
can be stored on the shelf and plugged in when needed. It counts whole
virus particles, is suitable for counting all virus types, and thus can also
count unknown viruses or viruses we do not have other means to detect.
The beta instrument was used to examine viruses separated from complex
media with sensitivity that approached 104 viruses per milliliter; current
instruments are improved (10?). Other virus characteristics were observed
and calibrated, for example the unexpected passage of viruses through fil-
ter membranes thought to be able to filter viruses (Wick 1999a) and the
unexpected survival of MS2, a bacteriophage, in both extreme temperature
and pH environments (Wick 1999b). It is the 4-nanometer separation of
viruses that aids in this direct structural characterization of a large number
of viruses. Some viruses have empty capsules and full capsules. These are
frequently of different sizes, and this can be used to determine the ratio of
empty and full capsules.

6.2 How does direct counting work?

The process is to prepare a sample following the outline in Figure 6.2. Clean
samples can be introduced directly into the instrument and the viruses
counted. Viruses are passed through an electrospray (ES), then a DMA,
and then counted by a CPC. The electrospray puts the liquid sample into a
condition to pass into the DMA which analyzes the sample and separates
the various particles. These particles are then counted by a CPC, a device
that coats nanometer-sized particles to form a micron-sized particle that
can be counted by a laser. This process takes minutes.

6.3 How do you identify a new virus with direct counting?

Unlike other detection methods new viruses are simply counted by
the IVDS instrument with no special processing. Unknown viruses are
counted, their size and concentration determined. Other methods are used
to phylogenetically classify the new virus. If it is not sequenced or truly
unknown, this may take some time; meanwhile the virus has been detected
and the size and concentration determined.

6.4 Why IVDS was invented

A new method for the detection and characterization of viruses had
been needed for years. A method that detected the presence or absence
of viruses was the primary requirement, and this need reached new
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emergency status as the rapidly expanding number of new and emerging
viruses taxed previous detection methods. Adding the cost of previous
methods to analyze large numbers of samples, a clear and urgent situa-
tion developed. A new means for detecting the presence or absence of
viruses has been developed that capitalizes on the fundamental physical
properties associated with these tiny microbes. The IVDS utilizes regular
methods to purify and concentrate samples for sizing and counting using
the methods of ES, DMA, and CPC. IVDS is essentially a virus particle
counter that has been invented, patented, demonstrated, and placed into
commercial use for a wide range of viruses both with envelope and with-
out envelope.

This invention was possible because of two major features of viruses: they
have different sizes for different families; and they have different physical
properties from other submicron-sized particles in the environment. The
first feature has exceptions, such as the polymorphs, but was found not to
be a limitation because of their other features and scarcity in most environ-
ments. The second feature, the Virus Window, is exceptionally useful in that
the virus families, particularly those pathogenic to man, can be separated by
their physical features. These two features allowed the isolation and char-
acterization of many viruses in the natural environment as demonstrated by
the monitoring of viruses in honeybees.

IVDS improved on other methods in that it has: (1) no chemistry or
biochemical requirements, (2) no shelf-life issues, and (3) the ability to detect
all the viruses in a sample in a single pass without error. False negatives and
false positives are unlikely.

One of the first tests of this new technology was to compare it with
other methods, such as small angle neutron scattering (SANS). Results
were comparable (Kuzmanovic et al. 2003). A second objective was to
demonstrate the effectiveness of IVDS in counting viruses under a wide
range of conditions. This is important as there are many inherent challenges
to virus detection and analysis; among the primary ones is purification and
concentration from the background material. This was accomplished for
several viruses from many environmental samples, such as different soils,
drinking water, seawater, and plants.

These early results were improved upon over the next ten years, and the
second instrument, the first commercial IVDS, is still in use having proved
to be a rugged and reliable device used to monitor honeybee viruses. The
future instruments are proposed to be small, portable, automatic devices
with greater resolution. It could be expected to see these in the local drug



60  Virus Detection

Figure 6.1 IVDS instrument.

store in use as a self-testing device. Figure 6.1 illustrates the IVDS instru-
ment in use.

6.5 Flow chart showing how to use IVDS for virus detection

Figure 6.2 illustrates the various ways to use IVDS. This flow chart should
look familiar to most biological sample processing with the exception of
the detailed molecular biology steps, which are unnecessary for mechani-
cal detection methods like IVDS. Each of these steps or stages has choices
depending on the type of sample. In the simplest of steps this flow chart is
reduced to three or four processes to yield detection and may only take a
few minutes. More steps are required for complex samples.

The collecting stage has three choices; if the sample is a “clean” sample, it
can proceed to the second stage, but if it is an air sample or a dirty liquid
sample it needs processing. For example, for a virus that is already in a
clean liquid, no further collection is necessary. Viruses need to be removed
from air samples and transferred into a liquid. Since virus loading in open
atmosphere is frequently low the sampling needs to be carried out over
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Figure 6.2 Flow diagram for sample processing in IVDS.

enough time to transfer the virus into a liquid. A liquid sample may need
processing. A few viruses in a gallon of water are not necessarily evenly
distributed among the gallon of liquid such as chemical compounds. The
gallon samples need to be concentrated.

There are two main methods for purifying and concentrating viruses —
filter methods and centrifugation. There are other methods available, but
these are frequently much more difficult and time consuming and will not
be discussed further. Multi-stage filtration can remove large background
material and successfully isolate a virus and then further purify the virus by
filtering the sub-virus sized material from the solution. This is the preferred
step in this stage and in most applications works well with minimum effort
and time. Centrifugation takes specialized equipment, and depending on
the sample either a simple centrifuge or a more complex yet very useful
ultracentrifuge can be used. This is the stage where the gallon of liquid is
reduced to a few milliliters in volume, usually by size differential filtration.
This processing of large volumes of liquid has been successfully completed
for large water samples. The virus sample, after the completion of one of
these steps, is reduced in volume, and the viruses are separated from the
larger sized particles, concentrated to some degree, and ready for the next
stage.
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Remembering that the object is to count the viruses, it is understood that
background material needs to be removed first. If the objective is to count
the nuts in a jar of chunky style peanut butter it is frequently easier to
remove the peanut butter first. This can easily be accomplished by placing
the jar in hot water, waiting until the peanut butter melts, and then pouring
the contents through a screen of a size to retain the peanuts. Then count
the peanuts. The same analogy is applied to many different backgrounds.

A second purifying and concentration stage is indicated for samples that
need to go through additional concentration and purification which can
simplify the counting later. This step is frequently not needed in practice as
the first purifying and concentration stage is usually sufficient.

During the detection phase the sample is ready to be inserted into the
IVDS instrument. IVDS then examines the sample and reports any virus in
the sample. This output will include all the virus and virus-like particles in
the sample and will be sent to the computer for cataloging and further
processing to yield size and concentration. This step is measured in minutes.

Sample information is taken directly to a computer. At this point, software
can be used to redirect the results via the internet to multiple sites for use
by decision makers, further analysis, or archiving.

The steps in using IVDS consist of the following:

e Collecting a sample (this is generally trivial in the case of waterborne par-
ticles, but can be nontrivial in the case of airborne particles or complex
media, Figure 6.2)

e Purifying the samples by concentration and filtration

e Detecting the viruses

6.6 The recommended uses of IVDS

IVDS is intended to provide a system for the universal monitoring and
sampling of viruses. Another objective of the IVDS invention was to
provide a method and device for the rapid detection of viruses and
their initial classification by size and concentration. This is based on the
physical characteristics of viruses and therefore does not require the use of
biochemical reagents or assays. It was a further objective to detect known
and unknown or mutated viruses.

It was an important objective to be able to detect many viruses at the same
time and thus provide a method to monitor the natural virus loading over
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time. This feature allows changes to be noticed in the virus loading and
further gives information useful to the evaluation of the biological loading
of viruses at any given time over a temporal period. Changes stand out
from the natural or normal conditions and are immediately recognizable as
a reason for alarm or alert and action.

Another aspect of IVDS is that the method further comprises counting
the extracted and purified viruses and classifying according to size and
concentration. This is important because viruses tend to decompose during
an infection.

Although to a very large degree only viruses fall within the Virus Window,
other background components fall close to the Virus Window. These
components are microsomes and similar sub-cellular structures. These
components can be effectively eliminated by adding nonionic surfactant,
such as diethylene glycol monohexyl ether, to the collection stage.

IVDS is a first line detector to determine the presence or absence of a virus.
We have many other methods that can be used later to confirm or identify
a virus, and during this second step the process then provides both virus
detection and confirmation by two different technologies. IVDS can be
used to screen large number of samples since it is quick and can detect
multiple viruses in the same sample.

Initially and as described below the full invention of IVDS was more robust.
When the ultracentrifugation step is included in the integrated system, it
is possible to identify the virus later detected by the DMA unit because of
the unique 3-D address given due to the physical properties of the viruses.
In practice, this step is frequently not used. The result is that IVDS can be
used to quickly detect the presence of viruses in a sample and estimate their
concentration. This information has been most useful and in practice all that
is generally needed to make management decisions.

The presence or absence of a virus is the first question of a first responder
or someone making an analysis of a biological sample of interest. The
detection of a particular sized virus then is useful in making a decision to
test further. In the case of an infectious particle further decisions can be
made in regard to isolation and quarantine or other management decisions
while further tests are conducted, tests that frequently take much longer,
the results of which could take hours or days. Frequently, we do not have
the time to wait for results to make a decision, as an infectious agent can
spread rapidly. Also, we do not have the luxury of isolating or quarantining
everyone who may be infected or of interest.
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The IVDS instrument relates to the detection, size determination and
concentration, and monitoring of submicron size particles, but mainly
viruses. The other particles include such particles as prions, viral subunits,
viral cores of dilapidated viruses, etc., in bioaerosols and fluids, especially
biological fluids. These "other” particles are generally not an issue in
detecting intact viruses.

The difficulty of detecting and monitoring a wide range of viruses also
varies by environment, and perhaps the most troublesome environment
involves combat conditions. In particular, the problem of detecting and
monitoring viruses in a potential biological warfare (BW) threat environment
is extremely demanding. Variations in virulence from virus to virus are
generally accepted, and ingestion of 104 virions constitutes a significant
threat to a soldier who breathes on the order of 1,000 liters (1 m?3) of air per
hour. Instruments with sensitivities which enable the detection of remote
releases of biological agents in a field environment, thereby providing early
warning capabilities, allow important safety and operational decisions to be
made. Although progress has been made on many fronts, such as optical
means and other such approaches, such an instrument remains elusive.

In the past it has been difficult to maintain broad-spectrum systems for
the detection of viruses which are free from false negatives because of
natural or artificial mutations. The high mutation rates of known viruses,
as well as the emergence of new viruses, such as the Ebola virus, must be
addressed by a detection method. There is also the potential for deliberate
artificial mutations of viruses. There are virus-like infectious agents, such
as prions, which are suspected in causing scrapie, “mad-cow disease”, and
Creutzfeldt-Jakob disease. These prions possess no DNA or RNA, and can
withstand 8 MRads of ionizing radiation before losing infectiousness. Other
virus-like infectious agents, such as satellites, possess no proteins. However,
detection of all of these agents must be possible for a device or method
to be generally effective in the detection and monitoring of viruses and
similar agents (such as virus fragments, prions, satellites, etc.) which are
pathogenic.

The detection and monitoring of viruses must also be free from false
positives associated with various and diverse backgrounds. The background
includes biological debris which obscures the detection of the viruses by
registering as a virus with the detection methods used in analyzing the
samples collected.

The analysis of viruses requires a very high degree of purification of those
viruses to overcome background loading in order to avoid false positives. For
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example, a BW virus may be buried within loadings of other microorganisms
which form biological debris with loading on a magnitude of 10 larger
than the threshold loading for the targeted virus itself.

Although methods that culture viruses can often be used to increase the
virus over background, culture methods are too slow for efficient viral BW
detection. Some important viruses cannot be cultured by known methods,
and in any case cell culture is a highly variable and inconsistent method.

Viruses may also be extracted from an environment and concentrated to an
amount that is required for detection and monitoring, without requiring any
culturing. For the detection of small amounts of viruses in environmental or
biological liquids, it is necessary to both enrich the concentration of viruses
by many orders of magnitude (i.e., greatly reduce the volume of liquid
solubilizing the viruses) and accomplish the removal of non-viral impurities.

Sampling for airborne viruses is generally accomplished by collecting
airborne particles into liquid, using a process such as air scrubbing, or eluting
from filter paper collectors into liquid. Since collection and subsequent
separation and detection methods are strongly affected by the adsorption
of viruses to solids in aerosols and by solids-association in water, this poses
stringent requirements on the design of the sampling of air for viruses.

In contrast, when sampling liquids for viruses, no special equipment or
processes are generally necessary in order to collect a sample; for example,
in sampling blood for viruses, only a standard clinical hypodermic needle
may be needed, and similarly for other body liquids. For the sampling of
bodies of water or other conveniently accessible liquids, sample collection
may not be an issue at all, and in such cases the term “collector” is often
applied to what is, in reality, a virus extraction step (such as collection on
a filter).

Currently, only IVDS is available for the detection of viruses in a BW
environment. Rapid detection translates into protection and more
reliable and simplified strategic planning, and the validation of other BW
countermeasures. Previously known detection methods using biochemical
reagents are impractical in the field, even for trained virologists. Reagent-
intensive approaches, such as multiplex PCR, low-stringency nucleic acid
hybridization, and polyclonal antibodies, may increase the incidence of false
positives by several hundred-fold. The hypervariability or rapid mutation
of viruses and emergence of new, uncatalogued viruses further preclude
methods based on biochemical assays, such as PCR, immunoassay, and the
like, from achieving broad-spectrum detection of all viruses regardless of
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identity, known or unknown, sequenced or unsequenced. There is a need
for a highly reliable automated system.

6.7 Improving the sensitivity of IVDS
(concentration and accumulation)

A concentrator device and method of concentrating a liquid sample was
invented (Wick 2012a). This apparatus, illustrated in Figure 6.3, replaces
the sample chamber on the IVDS. The concentrator device functions as a
pressure vessel that contains a slant tube with a filter element. Air, or gas, is
introduced into the pressure vessel and this pushes the sample through the
slant filter, effectively concentrating a 1 milliliter sample to a few drops, less
than 1 microliter for a 1000:1 concentration. The sample is then introduced
into the ES in the regular manner.

Figures 6.4 and 6.5 illustrate the effectiveness of the concentrator, and
this makes for a more sensitive instrument. A small 1 ml sample can be
concentrated to 0.1 ml.

Likewise, the sample can be accumulated over time. The usual counting
time for a sample is one minute. It is possible to count the sample several
times and sum the results to increase the virus count. Figure 6.5 illustrates
the results of counting a MS2 bacteriophage for 1-10 minutes.

In this manner the sensitivity of the instrument was improved, providing a
1000:1 increase by concentration and an addition 10:1 by counting longer.
Counts of more than 100 minutes have been demonstrated, in this manner
increasing the sensitivity by 10° (Figure 6.6).

6.8 An example - following COVID-19 through
5 days and then a 3-month follow-up

The sample was collected from an individual over 5 days and again after 3
months. A sample of saliva was collected in a small bottle each day; it was
filtered through a 0.45 pm circular syringe filter to separate large pieces,
then diluted 1:1 in reverse osmosis (RO) water and introduced into the VDS
for analysis. Sample time took about 4 minutes. In this case, two 1 minute
45 second scans were made. Recall the COVID-19 virus as seen in Chapter
3: anillustration of the virus and the attached spike protein as seen by elec-
tron microscopy. There are three charts: the first illustrates the virus core at
73.5 nm, the second illustrates the spike protein at 31 nm, and a third chart
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Figure 6.3 Concentrator, showing a 1 ml sample tube. A sample can be concentrated from 1
mlto 0.1 ml.

that illustrates the breakdown of the spike protein (just the tips) at 14 nm, a
size that is typical for saliva samples.

Day 1. This day was pre-symptomatic. The COVID-19 virus core is shown at
73.5 nm (Figure 6.7); it manifests without the spike protein which makes it
appear larger. Twelve counts are recorded. The spike protein is illustrated



68  Virus Detection

MS2 Ditute 1E5
Concentrator test
30000
25000
2000.0
H
: 1500.0
¢
|
1000.0 |
M
|
i
Se0 ‘ Average of ¥ scans
3 <506 wl MS2 o filter
N
40 * + a -
] 16 » £ 40 5 0 7 8 £ 106
{hannet Particle Midpaint inngd
Figure 6.4 MS2 sample prior to concentration.
M32 Dilute 1E5 Concentrator test
After filtration
300400
25008 %
i
z |
#0000 ; !3
IR
|
z 15080 !
i H
B
|
10000 i
s
|
H Average of 3 seans
e ,5 X\ ~ 100 ul sewmaining in fitter
;N
7 z\“
it
80 S
@ ® 2 3 a0 8 8 80 £ 10
Channst Particls Midpoint fong

Figure 6.5 MS2 sample after concentration.



Direct Virus Counting Methods, Such as VDS~ 69
Concentrator Filtration
w000 [
o o3 initial
y ¥ min
............... - -
000 @3 win
4 win
g s | H min
E f \\ ™ i min
10 i
woad /% A
/{ 3
200.0 - o
‘.w
N i S Fiwation tine
& L ‘1(;1!1!!!7‘.1‘((.'.)1- .
nggﬁa—;fgi 2 C S s8g20z258 = -
FEREfRNiREEA3334453 323

Channel Particle Midpoint funig

Figure 6.6 Virus sample after counting from 1 to 10 minutes.
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Figure 6.8 Day 1: the detection of the spike protein, showing the typical appearance of an
aggregation of spike protein components.
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Figure 6.9 Day 1 showing the breakdown of the spike protein; it is a typical detection size
range of saliva.

at 31.5 nm with a count of 558 (Figure 6.8). The spike protein is seen disas-
sociating into 14.1 nm particles with a count of 14,111 (Figure 6.9). This size
is also seen in a typical saliva sample, and further analysis may be needed
to verify the spike protein.

Day 2. This day was symptomatic, with discomfort, the start of a common
cough and lack of smell and taste. The COVID-19 virus core is shown at 73.5
nm with 18 counts (Figure 6.10).

The spike protein is illustrated at 39.5 nm with a count of 732 (Figure 6.11),
which is an increase from the previous day; it is seen as a wide peak because
it appears to be starting to dissociate.
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Figure 6.10 Day 2 showing 18 counts for the 73.7 nm COVID-19 virus.
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Figure 6.11 Day 2 showing the 732 counts for the 35.9 nm COVID-19 spike protein.

A typical detection size range of saliva at the 14.1 nm peak is seen in Figure
6.12.

Day 3. This day was symptomatic, with strong discomfort and fatigue, a
stronger cough, and lack of smell and taste. The COVID-19 virus core is
shown at 71.0 nm with 189 counts which is a large increase from the previ-
ous day (Figure 6.13).

The spike protein is illustrated at 28.9 nm with a count of 4,884, indicating
the continued disassociation of the spike protein to the predicted final size
of 20.9 nm (Figure 6.14).
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Figure 6.12  Day 2 showing the saliva and the continued dissociation of COVID-19 spike protein.
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Figure 6.13  Day 3 showing the 189 counts of the 71 nm COVID-19 virus.

Day 4. This day continues symptomatic. The COVID-19 virus core is shown
at 73.0 nm with 0 counts (Figure 6.15).

The spike protein is illustrated as a wide peak at 22.3 nm with 28,853
counts (Figure 6.16).

Day 5. This day was asymptomatic, other than continued fatigue. The
COVID-19 virus core is shown at 73.7 nm with 1 count (Figure 6.17).

The spike protein is illustrated at 23.3 nm with a count of 17,803 in Figure
6.18. The scans represent the two 1-minute examinations by the DMA. It
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Figure 6.14 Day 3 showing the spike protein.
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Figure 6.15 Day 4 showing the absence of the COVID-19 virus.

is thought that the higher counts are the continued disassociation of the

virus.

Samples were taken 3 months later, following a day absent of symptoms.
A peak is shown at 55.2 nm with 542 counts. This would still indicate the
spike protein aggregating and disassociating to the 20.9 nm illustrated in

Figure 6.19.
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Figure 6.16 Day 4 showing the spike protein.
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Figure 6.17 Day 5 showing the one count of the COVID virus.

The spike protein is illustrated in Figure 6.20 at 20.9 nm with a count of
74,543 after 3 months post-infection. This type of information may be use-
ful for antibody probes designed for the spike protein.

This observation of COVID-19 over a period of time is a typical example of
the screening capability of IVDS. The COVID-19 virus core was detected
early, pre-symptomatic, and it was possible to detect the virus during symp-
toms and still detect it after 3 months. Of particular interest is observing the
break-up of the virus during this period. The increase of the spike protein at
the onset is also of interest.
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Figure 6.18 Day 5 showing the continuation of the COVID-19 spike protein.
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Figure 6.19 Particle at 55.2 nm after 3 months following infection with COVID-19.

The size of the intact COVID-19 virus is 128 nm; it is interesting that upon
seeing an infection this quickly dissociates into the 71-75 nm core virus
depending on how many of the spike proteins remain attached. Evidently
the spike proteins come off early during an infection and continue to dis-
sociate. These spike proteins come off the virus, and some of them group
into aggregates, and then the aggregates continue to break apart into the
smaller size. Both the aggregate and the individual spike proteins are seen.
The spike proteins remain for a period of time after the virus is no longer
detected.
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Figure 6.20 Three-month follow-up of COVID-19 infection showing spike protein.

The lingering of the spike protein is interesting. This sort of information has
been seen for other viruses and continues to be studied.

6.9 PCR and IVDS compared

PCR is a great means to verify a particular virus if you have: (1) enough
protein, (2) a target organism, (3) no contaminations in the sample that can
interfere with results, and (4) negative results are difficult to confirm. When
PCR detects an organism, the follow-on work of placing the organism in
the phylogenetic tree and further classification work can then proceed. PCR
probably should not be used for screening for viruses.

IVDS can detect viruses. The comments generally associated with the use
of IVDS include: (1) does not identify the virus genetically. It does determine
the size of the particle and gives a concentration. Depending on where the
sample is collected the virus can be inferred. (2) Rapid sample preparation.
(3) No reagents needed. (4) Is great for the screening of viruses because it
does not target a particular virus. Multiple viruses can be detected in the
same sample.

Both PCR and IVDS have their place when it comes to detecting viruses.
One issue is the detection limits. PCR requires enough protein to get a
good reading. Below this level is usually considered a negative result. IVDS
appears to detect viruses below this limit (Figure 6.21). The 31.1 nm and
the 38.5 nm particle are clearly detected in the honeybee sample shown in
Figure 6.21. The same sample was negative for PCR.
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Figure 6.21 Detection of viruses not detected by PCR.

The accuracy of the PCR primers is a concern. When tested with enough
protein, three different laboratories gave three different identifications for
the virus particles. That is a concern when dealing with certain pathogenic
viruses. IVDS detects the virus; the fact that there is a virus-sized particle
present is concern enough, other methods such as PCR or mass spectrom-
etry can sort out the details.

6.10 Summary of the fielded IVDS

e Detects intact viruses from 10 nm to 500 nm

e Detects viruses that fragment into components

e |s astand-alone, portable device (usually made up of three components)

e Does not use reagents

e (Can detect a virus in 5-10 minutes

e Requires minimum training to use

e (Can detect unknown viruses (unsequenced)

e (Can detect multiple viruses in single sample (see seawater example)

e Sensitive, demonstrated counts of 102-10% viruses (probably can be
lower, but this is unnecessary in operation)

e Centrifuge not needed in operational conditions
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7

Mass Spectrometry
Proteomic (MSP) Method

Mass spectrometers have been used for the detection and classification
of viruses. Many advances have been made in the hardware and software
associated with mass spectrometers. Mass spectrometers are smaller,
lighter, and easier to use. Computers have improved resulting in faster
processing, and they are used in many disciplines. Although they were
primarily used by chemists, biologists and other disciplines soon began to
find uses for them. There are many types of mass spectrometers and they all
have their uses; some of these are discussed. One type, an electrospray mass
spectrometer-mass spectrometer (ES-MS-MS), has been used to detect
and classify microbes, including viruses. It works similar to biochemical
methods, in which biological sequences are downloaded from the National
Database. Here methods diverge as the sequence information is sorted
and all the unique peptides are determined for each organism. Sometimes
these can number into the tens of thousands for each organism. The mass
spectrometer then detects and identifies the unique peptides, and software
determines the names and details of the microbes. Viruses are among these
microbes. Once detected and classified the viruses detected can be archived
for future reference in a computer file. The mass spectrometer file can be
sent electronically to aid in analysis and decision making regarding the
occurrence of detected viruses.

7.1 Introduction

Since the 1970s analysis by mass spectrometry methods has exploded
into a wide and extensive network of scientific disciplines. The early
vanguards were chemists and then bio-chemists and then biologists and
then molecular biologists, and now it is difficult to say who is in the lead.
Mass spectrometers are common in a modern laboratory, and nearly all
academic areas have their mass spectrometers. It is now common to see a
mass spectrometer center in major universities that services a wide range of
academic disciplines. This has proved to be a viable solution as the state-of-
the-art instruments continue to advance rapidly, and it is not unusual to see
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substantial improvements in capability in months rather than years. A new
graduate student can expect to start mass spectra analysis on one machine
and finish on a more sensitive, faster, and more capable mass spectrometer.

Generations of mass spectrometers in a single laboratory have created
follow-on applications of this technology in other areas, and as the
operation and maintenance of these instruments continue to be simplified
these new capabilities have possibilities. Advancements in software and
computer speed have enabled faster analysis of mass spectrometry files,
and often these files contain sufficient information for the classification of
microbes.

The first step is to examine the different types of mass spectrometers.
Scientists and engineers have been busy, and the result over the last 40
years is a variety of approaches to analysis by mass spectrometry. This
chapter examines the major types of MS instruments and their various
combinations used in microbe analysis.

Methods for sample preparation, instrument operation, analysis, and
reporting of results are as varied as the types of platforms. It is appropriate
to review those methods associated with the different mass spectrometers.

Because of this variability in the applications of MS, it is important to include
the sample preparation methods which vary according to MS techniques.
It needs pointing out that while it is possible to prepare a sample in under
10 min for inserting into the instrument, sample preparation time may be
reflected in the dynamic range of the instrument. Fast sample preparation
does not always indicate the best results. Recent improvements in dynamic
range, however, by several orders of magnitude indicate that additional
increases in the dynamic range can be expected for MS methods thus
making short sample preparation times more attractive. Although not
always indicated, it is assumed that sample preparation methods can be
automated.

Instrument operation is a function of existing hardware, and possible future
improvements can be expected. It takes a skilled operator to use the MS.
Likewise, it takes a skilled person to prepare the sample for inserting into
the MS. The current descriptions are generic in nature and due to the many
types of MS systems, the demonstration of some small sized units and
the development of mini-MS systems are ongoing concerns. This would
indicate that the size and weight of future MS systems will be suitable for
mobile operations. Hardening and manufacturing to military specifications
should likewise be a straightforward process. The trade-offs between
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results, weight, power, and other requirements can be evaluated to create
a future MS system that is optimized for specific applications, e.g., medical,
emergency response, home use, and environmental applications.

Although mass spectral analysis is the process that has the greatest
possibility for rapid improvement, it is the bioinformatic tools that have made
it possible to quickly process large MS files in a short time. Such software
improvements over the last few years have reduced processing time from
hours to seconds. Similar improvements in hardware and software can be
expected, and the additional speed will further reduce mass spectral data
processing time.

MS techniques determine the molecular mass of compounds by separating
ions according to their mass-to-charge (m/z) ratio; therefore, any species
to be analyzed by MS has to be ionized in the first place. The ionization
methods frequently used for the analysis of microbial constituents are
described. lons formed in the ion source of the mass spectrometer are
next moved to the analyzer section that uses combinations of electric
and magnetic fields to separate and detect ions according to their m/z
values. Molecular ions formed in the ion source may be additionally excited
and forced to dissociate into products which are then immediately mass
analyzed. The most popular mass analyzers and their hybrids are used for
microbial detection and identification purposes.

The following types of mass spectrometer are thus presented to simply
demonstrate the various approaches to mass spectrometric analysis and
the creative approach that scientists and engineers have taken over a short
time.

lonization methods used in mass spectrometry are suited for microbial
detection and characterization. There are many types of mass analyzers.
Remember that mass spectrometers were first used by chemists and that
many of the approaches were from this line of thinking. In any case all the
mass spectrometer approaches start with ionization. The evolution of the
many types of mass analyzers and their different attributes is important as
it provides choices in the types of mass spectrometers and how they work.

7.2 lon mobility and various types of mass analyzers

Microbial agents are usually collected and undergo processing designed
to obtain cellular constituents in a form suitable for ionization. The ionized
species are mass analyzed and the data interpreted using computer-assisted
methods.
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The application of MS to any class of species is challenging because gas-
phase ions are required for analysis. lonization processes, which are used
for the analysis of microbial constituents, are discussed in “Identifying
Microbes by Mass Spectrometry Proteomics” (Wick 2013), and listed here,
but will not be discussed further:

e Electron impact (El) ionization

e Chemical ionization (Cl)

e Atmospheric-pressure chemical ionization (APCI)

e Metastable atom bombardment (MAB)

e Electrospray ionization (ESI)

e Nano ESI-source

e Matrix-assisted laser desorption/ionization (MALDI)

e Surface-enhanced laser desorption/ionization (SELDI)
e Desorption electrospray ionization

e Electrospray-assisted laser desorption/ionization (ELDI)

7.2.1 Using the electrospray ionization (ESI)
method in detecting viruses

General steps to prepare microbial samples for analysis by MS:

e Sample prep (for example, trypsin digestion for peptides)
e |onization of analytes

e Analysis by MS

e Data collection and analysis

ESI has inherent analytical advantages that allow it to be utilized for the
analysis of different biological problems. Since the limitation of molecular
mass is minimal, relatively large biomolecules have been successfully mass
analyzed using ESI techniques that include even intact viruses or their chro-
mosomes (e.g., coliphage T4 DNA with nominal molecular mass of 1.1 x
108 Da) (Chen et al. 1995; Smith et al. 1994). Moreover, microbial carbohy-
drates, lipids, single stranded DNA, RNA, proteins, and peptides were stud-
ied through ESI-MS and have been used for the detection and identification
and classification of microbes (Wick 2014).

A comparison of instrumental capabilities for various mass analyzers indi-
cate that each has their favorable attributes and likewise limitations. These
differences are suitable and optimized for different and various applica-
tions. It is important in the context of microbe detection and identification
to consider the level of detection and identification; an application to simply
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Figure 7.1 Measurement of mass-to-charge ratio (m/z) of molecular and fragment ions based
on detection of mass analyzed ions by mass spectrometer.

detect a microbe is different than an application to identify a microbe to the
strain level (Figure 7.1).

7.3 How do MSP methods work for biological detection?

The concept of operation is to collect a sample, prepare it for the mass spec-
trometer, have the mass spectrometer create a RAW (unprocessed data, it
is a file extension) file and analyze the RAW file to determine the peptides
detected, and use these peptides to determine which ones are unique to the
various microbes. Thus, each microbe is detected by determining a match
from the environmental sample peptides with those unique peptides, deter-
mined by calculation, based on the sequence of the microbe. In this manner
all the sequenced microbes are associated with their unique peptides and
matched with the sample peptides collected from the environment.

The following is an example of the physical process for testing samples of
honeybees which were collected from various sources and processed for
the ES-MS-MS:

e Step one, make bee smoothie

e Step two, prepare sample

e Recipe, trypsin digestion

e Run though MS

e Process RAW file using ABOid (software)
e Make report

Agents of Biological Origin Identification (ABOid) is an analytical tool
invented and patented by the US Army (United States of America Patent
No. 8,224,581 B1, 2012) (United States of America Patent No. 8,412,464 B,
2013) and under license to BIOid, Inc. ABOid is fully described in Chapter 6
of a book by Wick (Wick C. H., Identifying Microbes by Mass Spectrometry
Proteomics 2014). ABQOid identifies a microbe by searching sample ion spec-
tra of peptide ions against theoretical peptides determined by calculation
from microbe DNA/RNA sequences. ABOid simply determines those unique
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peptides for each microbe and compares the unique peptides with those
peptides identified in a sample. The result is a highly accurate, gene-based,
identification of viruses, bacteria, and fungi among other sequenced organ-
isms downloaded from the National Library of Medicine, National Center
for Biotechnology Information (NCBI). ABQOid is thus the tool of choice
when seeking to identify large numbers of microbes in a sample. In the
case of COVID-19 all the sequences of the various strains were downloaded
from the NCBI and added to a data group and used to identify COVID-19
in a collected sample.

ABOQid has been used to analyze thousands of environmental samples and
has identified nearly a thousand microbes. This is particularly important
when the challenge is considered: at this writing, there are about 254,000
Prokaryotes (bacteria) and 45,000 viruses and 12,100 Eukaryotes (fungi,
plants) that have been sequenced. There are also 16,500 organelles and
22,000 plasmids. To make a new primer or spectra or antibody or similar
need simply takes too long and costs too much money. These historic
methods struggle to keep up, but can be used later when there is time to
develop the special needs and control the costs.

Given the success of ABOid in identifying and classifying microbes in
complex environmental situations and the ease of sampling, ABOid is a
compelling tool to use anywhere there is a need for microbe identification
that includes bacteria, viruses, and fungi. Since this can be accomplished in
one sample, one effort, and at low cost with an archival record, ABOid has
been selected as the analytical tool of choice.

It needs to be noted, although it was mentioned above, that once a
sample is run though the MS and a RAW file is generated, a report can be
generated showing the microbes in the sample. If new microbes are added
to a data group, only the RAW file needs to be re-analyzed to determine if
the new microbe or microbes are present in the sample. It is an easy step
to examine some of the historical RAW files using the updated data groups
to determine if a microbe was detected and identified. The coronaviruses
sequences were downloaded from the NBCI. Some of these sequences
were only weeks old when used to examine samples collected before and
during the COVID-19 outbreak.

7.4 Detection and identification of viruses using MSP

A convergence of hardware using mass spectrometers and the soft-
ware ABOid and faster computers and rapid additions to sequencing
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methods all contributed to the success of MSP/ABQid. The first success
was for single microbes. Grown in a microbiology laboratory, bacteria
were identified, collected, and prepared for the MS. Individual MS files
were then analyzed using the ABOid software and the bacteria was
confirmed. Additional efforts combined bacteria and repeated the pro-
cedure which then detected and identified multiple bacteria (Jabbour
et al. 2010; Wick C. H., Identifying Microbes by Mass Spectrometry
Proteomics 2014).

The detection and identification of viruses collected by honeybees is used
as an example for detecting viruses using MSP methods (Wick 2021). Many
virus species and strains have been collected by honeybees across the
United States. They have been detected and identified using mass spec-
trometry proteomics and the ABOid software which utilize unique pep-
tides and associated genetic sequences to determine identification. Nine
viruses are paramount in all the averages ranging around 15 unique pep-
tides in the national average. The highest averages include African swine
fever virus, camelpox virus, cercopithecine, goatpox virus pellor, lumpy skin
disease, monkeypox virus, sheeppox, swinepox virus, vaccinia virus, and
variola virus.

Several hundred viruses collected by honeybees were identified. Of these
viruses, 103 were detected frequently enough to make an average. Of
these 103, 14 were identified as standing above all the rest as seen in
Figure 7.2, the national average for viruses. Five viruses can be grouped
as belonging to the Herpesviridae, eight belong to the Poxviridae and the
African swine fever virus stands alone. For all the viruses detected at low
levels we have three families of viruses that dominate, herpes, pox viruses,
and African swine fever. It is beyond the scope of this book to analyze
“why"” these particular viruses occur, but the fact that they do occur is
equally important.

Camelpox, monkeypox, and vaccinia viruses show greater numbers of pep-
tides than Cercopithecine herpesvirus 5. As to the meaning of these find-
ings, well it is clear that these viruses are being detected and identified.
Finding more than 80 unique peptides for camelpox virus is interesting, as
it is for monkeypox and vaccinia.

The three major groups and the high number of unique peptides found in
these groups should not distract from the detection and identification of
the other viruses. Any of these other viruses could become a detection of
interest.
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Figure 7.2 The national average for viruses collected by honeybees.



Mass Spectrometry Proteomic (MSP) Method 87

7.5 Examples of viruses detected by
MSP methods using ABOid

The first thought when considering detection and identification is the wide
variety of viruses detected. Figure 7.2 illustrates this diversity and gives a
national average for the 103 viruses frequently detected.

Several other thoughts come to mind when considering these viruses. The
main one is why? Why are we seeing these in our samples, and why are they
so widely distributed? As you read below you will see that these groups
have in common a wide distribution and a history of hardy survivability. This
would indicate that the pox viruses, the herpesviruses, and evidently the
African swine fever virus can survive in a wide distribution. All the regions
show these viruses, there is no doubt they are here.

The final thoughts on this issue are two: “what do | do about them?” and
“what does this mean to me?” First, these viruses have been around a
long time. We have not sustained, as far as we know, any major negative
side effects. We consume them, we breathe them, we live with them. The
population has immunity from many microbes, and as a result they are not
a present threat to the population. As further evidence, it appears that
most microbes are not a direct threat to us because we have not sustained
an outbreak of any of these viruses among the population. This means
that although we have detected these viruses, not all of them are a threat
to us and we should treat their detection not as a worry but as interesting
information. The natural microbe population should be studied as there may
be pathogens lurking. Tetanus, polio, common colds, and other microbes
are in this microflora, and weakened or immunocompromised individuals
may be at risk. While we could be seeing the natural occurring microflora
that surrounds us all, it also is evident that we are detecting pathogenic
microbes as well. Monitoring these pathogenic microbes that have the
potential to become a threat is useful considering that some of these
microbes may be just waiting to pounce if they have the chance. Outbreaks
of infection that lead to a pandemic are a different matter. In these cases,
such as influenza and COVID-19, it would be helpful to know where the
infectious virus is located in the environment so it can be controlled and
eliminated.

7.5.1 African swine fever virus (ASFV) - Variola porcina

African swine fever virus (ASFV) is the only species in the order Asfuvirales,
family Asfarviridae, and genus Asfiviru. Variola porcina is a large DNA virus
of the phylum Nucleocytoviricota. It is a large, icosahedral, double-stranded
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DNA virus with a linear genome of 189 kilobases containing more than 180
genes (Linda K. Dixon 2008).

Although ASFV is not known to cause disease in humans it has been a
problem in swine. It was thought to have evolved around 1700. It can be
spread by ticks and pigs and also by food products that contain the virus. It
causes hemorrhagic fever in pigs usually within a week of infection.

Given this information, a question then remains, why are we seeing it
among the prominent viruses isolated from honeybees? This virus is pres-
ent everywhere across the United States as evidenced by the analysis of
honeybee collections. One thought on this is that following the widespread
pig farming in the early 1900s and the first major outbreaks of ASFV at that
time to sporadic outbreaks from time to time, the virus became endemic
throughout much of Africa, Europe, and when it crossed the Atlantic in
the Caribbean. In 2018 the virus spread to Asia. Since the virus can remain
in an infectious state in the tick vector (Ornithodoros) for months or up to
years it is likely that the virus has spread among the natural hosts, warthogs,
bushpigs, and soft ticks. The continued spread of this virus since being first
noticed to recent times would indicate a rationale for detecting ASFV. Much
of this spread could have been through travel and the import and export of
pigs and pig parts.

Also associated with pigs is Aujeszky’s disease (also known as pseudo-
rabies). This is a viral disease of pigs and endemic in most parts of the
world. It is caused by Suid Herpesvirus 1, a member of the subfamily
Alphaherpesvirinae and the family Herpesviridae. The virus infects a variety
of mammals, but only pigs are able to survive a productive infection and are
thereby considered the natural host (Kluge et al. 1999).

The national average for ASFV is 16.4 unique peptides (Figure 7.2).
Twenty viruses stand out as having a greater average of unique peptides.
These are listed below with a brief description as to their averages and
descriptions.

7.5.2 Alcelaphine herpesvirus 1 (AIHV-1)

Alcelaphine herpesvirus 1 (AIHV-1) is a large DNA virus of the phylum
Peploviricota, also known as malignant catarrhal fever. Alcelaphine her-
pesvirus 1 serves as the prototype virus of the Macavirus genus of the
Gammaherpesvirinae family Herpesviridae. Bovine malignant catarrhal fever
(BMCF) is a fatal lymphoproliferative disease (Toole & Li 2014). The national
average for AIHV-1 is 8.6 unique peptides (Figure 7.2).
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7.5.3 Camelpox virus (CMLV)

Camelpox virus is a large enveloped DNA virus that is taxonomically
assigned to the family Poxviridae, subfamily Chordopoxvirinae, and genus
Orthopoxvirus. Other members of the genus (i.e., the orthopoxviruses)
include important human pathogens such as variola (smallpox), monkey-
pox, cowpox, and vaccinia viruses, in addition to those of lesser impor-
tance such as ectromelia, raccoonpox, skunkpox, taterapox, and volepox
(Moss & Poxviridae 2013). Camelpox (CMLV) is a contagious viral disease of
camels that occurs throughout the camel-breeding countries of northern
Africa, the Middle East, and Asia (Balamurugan et al. 2013). Like other pox-
viruses, camelpox virions show a high degree of environmental stability and
can remain infectious over several months (Rheinbaden et al. 2007). The
national average for CMLV is 18.1 unique peptides (Figure 7.2).

7.5.4 Cercopithecine herpesvirus 5 (CeHV-5)

African green monkey cytomegalovirus (CMV) and Cercopithecine her-
pesvirus 5 (CeHV-5) are viruses in the genus Cytomegalovirus, subfamily
Betaherpesvirinae, family Herpesviridae, and order Herpesvirales. African
green monkeys (Chlorocebus spp.) serve as natural hosts. The national aver-
age for CMLV is 15.9 unique peptides (Figure 7.2).

7.5.5 Goatpox virus Pellor (GTPV)

Goatpox virus Pellor, also known as GTPV strain Pellor (PL), may affect goat
and sheep populations. The virus is endemic in southwestern Asia, India,
and northern and central Africa. GTPV is one of three recognized members
of the genus Capripoxvirus. The national average for GTPV is 15.8 unique
peptides (Figure 7.2).

7.5.6 Lumpy skin disease virus (LSDV)

Lumpy skin disease virus (LSDV) is a double-stranded DNA virus and a mem-
ber of the Capripoxvirus genus of Poxviridae. Capripoxviruses (CaPVs) rep-
resent one of eight genera within the Chordopoxvirus (ChPV) subfamily
including the sheeppox virus and goatpox virus. The capripoxviruses are
brick-shaped and different than Orthopoxvirus virions in that they have a
more oval profile and average in size between 260 nm and 320 nm (Tulman
et al. 2001).

Lumpy skin disease (LSD) is an infectious disease in cattle. It has spread
rapidly through the Middle East, southeast Europe, the Balkans, Caucasus,
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Russia, and Kazakhstan (World Animal Health Information Database
(WAHID) Interface 2020) and is considered to be one of the emerging
threats to Europe and Asia (Machado et al. 2019; Allepuz et al. 2019). LSDV
mainly affects cattle and is also seen in giraffes, water buffalo, and impalas
and other animals. Fine-skinned Bos taurus cattle breeds such as Holstein-
Friesian and Jersey are the most susceptible to the disease. The national
average for LSD is 14.5 unique peptides (Figure 7.2).

7.5.7 Monkeypox virus Zaire-96-1-16 (MPV)

Monkeypox virus (MPV) is a double-stranded DNA, zoonotic virus and a
species of the genus Orthopoxvirus in the family Poxviridae. It is one of
the human orthopoxviruses that include variola (VARV), cowpox (CPX), and
vaccinia (VACV) viruses. But MPV is not a direct ancestor to, nor a direct
descendant of, the variola virus which causes smallpox (Breman 1979).

It is interesting that monkeypox is associated with monkeys but they are not
the main reservoir of the virus. Antibodies have been found in a variety of
animals (Khodakevich et al. 1986).

The MPV has been found in ground squirrels, and they may be a reservoir
of the virus (Sergeey, et al., 2017). This would lead to the suggestion that
MPV may be much more prevalent in the environment then commonly
thought and that the honeybees are picking it up just as they would any
other virus in their activity. The national average for MPV is 18.1 unique
peptides (Figure 7.2).

7.5.8 Sheeppox virus

The national average for sheeppox virus (SPV) is 15 unique peptides see
goatpox in Figure 7.2.

7.5.9 Vaccinia virus (VACV)

Vaccinia viruses are close relatives of the smallpox virus (VARV) and are
also pathogenic to humans. These include the Old World orthopoxviruses,
VACV, cowpox (CPXV), and monkeypox (MPXV). Rodents are the major
natural reservoir of cowpox and monkeypox (Shchelkunov S.N., 2005)
(Moss, Poxviridae: The viruses and their replication, 2007). The national
average for Vaccinia is 14.5 unique peptides (Figure 7.2).

7.5.10 Variola virus (VARV)

Variola is a large brick-shaped virus measuring approximately 302-350
nanometers by 244-270 nm, with a single linear double stranded DNA



Mass Spectrometry Proteomic (MSP) Method 91

genome 186 kilobase pairs (kbp) in size and containing a hairpin loop at
each end (Roossinck 2016).

Smallpox is the disease caused by VARV, which belongs to the genus
Orthopoxvirus. The declaration of its eradication from the human commu-
nity by the World Health Organization (WHO) in 1980 did not, however,
remove it from the list of potential and dangerous pathogens since the
virus remains in laboratories for study and it has been known to reoccur
throughout history. This possibility is furthered by the fact that people have
not regularly been vaccinated against VAR for a long time and a susceptible
and vulnerable population has grown, making a reemergence of the virus
possible (Singh et al. 2012).

It has been detected at low levels in the environment, but still detected and
at such a level to separate itself from the more than 500 other viruses found
in the background. The national average for VARV is 14.5 unique peptides
(Figure 7.2).

7.5.11 Discussion of viruses detected by MSP and ABOid

Hundreds of sequenced viruses have been identified. Many are common
in the environment, and some have relationships with plants, and others
are soil inhabitants; some are pathogenic. The national Average for viruses
ranges from less than 2 to 18 unique peptides. Nine are discussed in detail
because they stand out from the field by having 12-18 unique peptides.

The classification of viruses is ongoing, and some of them may be
underspecified at the moment because many are not sequenced and
remain un-named. Viruses have a high mutation rate, and the number of
species or strains within a genus and species can rapidly change. The rapid
increase in sequencing viruses will contribute to identification and cement
phylogenic relationships.

Environmentalists are encouraged to study these viruses and compare them
with the bacteria and fungi to determine mutual relationships for regions,
associations with other data such as activities that affect a region, area, or
a locality.

The number of virus species that can be identified is continuing to increase
due to the increasing number of sequences added to the NCBI. More than
50,000 viruses have been sequenced; the number increases daily.

The ability to add new microbes has been discussed, but it remains important
to remember that as new viruses are sequenced and added to the Virus
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Data Group the samples that have been analyzed can be re-analyzed using
the old computer files. In this manner there is no need to collect a new
sample, and large archived sample sets can be re-examined and a search
made for the new viruses. An example of this is the SARS and COVID-19
viruses. Recently over 450 new viruses have been added.

7.6 Adding new viruses using MSP

Figure 7.3 has five microbes. These microbes represent the microbes in an
original data group. These microbes were identified and their sequences
downloaded from the NCBI, and added to the original data group. A sample
file (RAW) that has been processed through the MSP is then analyzed using
the ABOid software. The five new microbes were identified as being of
interest and their sequences downloaded from the NCBI and added to
the original data group. The new data group now contains the original
sequences and the new sequences for a total of ten microbes. Figure 7.4
has the ten new microbes in a re-analyzed result which contains the new
microbes and the new results that demonstrate the process. In this manner
numerous new microbes can be added as their sequences become available.

New microbe sequences are being added every day to the NCBI database.
Considering that the number of sequenced microbes has increased from a
few hundred to more tens of thousands, it can be seen that it is useful to
add these new microbes to any detection and identification method.

Original data group and results

Bacillus cereus Bacillus Bordetella Burkholderia  Burkholderia
thuringiensis bronchiseptica cenocepacia mallei

wv

IS

w

N

[any

o

Figure 7.3 Example of how to add microbes to MSP methods.
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New microbes added to original data group
and new re-analyzed results from same RAW file

ORLNWRAUIOINOWOO

Bacillus cereus

Burkholderia sp. | N

Bacillus thuringiensis
Bordetella bronchiseptica
Burkholderia cenocepacia
Burkholderia mallei
Burkholderia pseudomallei
Burkholderia pseudomallei
Burkholderia thailandensis || N
Burkholderia xenovorans || NG

Figure 7.4 The new MSP has the new microbes in a re-analyzed result which contains the new
microbes and the new results that demonstrate the process.

The original Virus Data Group used in the analysis of honeybee samples
consisted of less than 100 viruses. This number was increased to 200, 300,
and then 750 viruses by simply downloading new virus sequences and add-
ing them to the Virus Data Group. This process can be accomplished in
less than an hour moving at a deliberate and scientific speed, which makes
the new data group more robust and useful. When the first 200 new virus
sequences were added to the Virus Data Group it was interesting to see
the new viruses show up in the MSP/ABOId analysis. The old charts could
be compared with the new charts and it was straightforward to pick out
the new detections and identifications. Sometimes there were several new
viruses.

Bacteriophage sequences were added to the Virus Data Group, and the
result was the ability to detect and identify many bacteriophages. This was
important as a means to indirectly detect the associated bacteria from such
plants as tomato, citrus, and other plants.

Likewise, microbes loaded into different data groups can be compared to
look for those associations between fungi and bacteria, and viruses, etc.

This capability was exercised in looking at the new COVID-19 outbreak.
When the sequence of the novel SARS virus isolated from Wuhan-Hu in
China was available it was downloaded from the NCBI. It was not long
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afterwards that additional sequences were made and these were down-
loaded and added to the data group, and likewise until more than a hun-
dred sequences of COVID-19 were added.

In this manner selections from more than 24,000 Eukaryotes, 437,000
Prokaryotes, and 50,000 viruses can be added until they are all added. This
would make for a very robust capability to detect microorganisms.

Viruses are classified by their genetic sequences. Particle counting meth-
ods such as the IVDS use a physical ion-mobility method to count the
individual viruses and separate them by the virus size (Wick C. H., 2015).
By separating viruses by size, IVDS has the ability to give an approximation
of the type of virus, usually classifying them into family groups. The major
benefit of IVDS is that it is a rapid means to detect the presence of a virus
in a sample, using size to classify it into a preliminary identification, for
example, influenza is 92 nm or 102 nm in size depending on if it is type
A or type B. Another benefit of IVDS is that since it is not restricted by
chemical reactions, it can detect all the viruses in a sample at the same
time. This feature makes IVDS a perfect method to screen samples and
verify identification by another means, such as MSP/ABOid. Since most
samples from the environment are typically negative (unless looking at
a preselected population) for flu or COVID-19, IVDS is again indicated
as a means to screen large numbers, only referring positive samples for
verification.

All these earlier methods are useful, but it has become the standard to
verify a detection based on a classification scheme based on DNA or RNA
sequences. The resulting phylogenic relationships are useful in following
genetic drift and mutations in a particular strain that result in a new strain
for a particular microbe. This ability to mutate and create new strains of a
microbe is responsible, in part, for many of the new sequences that we have
seen over the last ten years.

Other reasons that contribute to the increase in the number of microbes
sequenced are that there are probably trillions of microbes and fast
seqguencing instruments are being developed. These two reasons point to a
method such as MSP/ABOID for detection and identification simply because
new sequences can be added quickly and just as quickly be placed into
operation and the new microbes detected in samples. This capability of
MSP/ABOID is also useful because since it is software it can re-analyze old
files and determine if any of the newly added microbe sequences lead to a
new detection and identification.
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7.7 Coronavirus detection including SARS

In December 2019 a new severe acute respiratory syndrome (SARS)
coronavirus was identified as infecting humans. Specifically, this particular
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was found
to be a novel coronavirus called “SARS-CoV-2" (previously referred to as
2019-nCoV), and it was determined to be a new strain that had not been
previously identified in humans. The disease that is caused by SARS-CoV-2
is called “COVID-19". COVID-19 stands for corona (CO) virus (VI) disease (D)
and 19 (2019), the year that the virus was detected.

COVID-19 like other viruses has rapidly mutated to form different strains of
the virus. For example: the strain in western Canada originated in Iran, as
did the strain in New Zealand and Australia. The Iranian line originally came
from China as did some infections in Australia. There are European pockets
of the virus from China. COVID-19 arrived from ltaly into South America
and Mexico as did many of the UK infections. Some strains may have passed
through the Netherlands and Belgium before arriving in the UK. Needless
to say, COVID-19 like other viruses tends to move around as people move
around, and mutates and produces new strains. During the beginning of
the COVID-19 outbreak there were only a few (15) sequences for the strains
of COVID-19, and this quickly grew to nearly 100 sequences in 2 months
and continues to expand, not unlike what was seen with the HIN1 influ-
enza outbreak in 2008 (Wick 2009).

In this application the sequence for severe acute respiratory syndrome coro-
navirus 2 isolate Wuhan-Hu-1, complete genome — GenBank: MN908947.3,
was downloaded from the NCBI and put into the SARS Data Group and
used for the analysis of honeybee samples. It was quickly discovered as
many more strains were being sequenced that one download was not
going to be sufficient, and over 100 sequences were downloaded and inte-
grated into the SARS Data Group. The SARS Data Group was then further
augmented to include all the complete sequences for other coronaviruses,
and renamed the Coronavirus Data Group with over 250 coronaviruses.

7.7.1 Coronaviruses

Aside from the 93 SARS or COVID-19 coronaviruses, there are many oth-
ers of interest. Several bat coronaviruses exist in nature, as well as bovine,
goose, duck, feline, rat, sparrow, swine, and turkey. The sequences for
these coronaviruses have all been downloaded, added to the Coronavirus
Data Group, and used to analyze the honeybee samples. A national average
was determined (Figure 7.5).
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Figure 7.5 National unique peptide averages for coronavirus.
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7.7.2 National average for coronavirus

7.7.2.1 Verifying COVID-19 detection

Figure 7.6 illustrates the detection and identification of a lab-supplied
COVID-19 sample. The main peak is the virus, the smaller peaks are other
items not of interest. This is a clear result of the MSP/ABQid analysis using
the standard protocols.

Figure 7.7 is a honeybee sample showing the positive detection and identifi-
cation of COVID-19. The main peak is the virus, the smaller peaks are other
items not of interest. This is a clear result of the MSP/ABOid analysis using
the standard protocols for all the honeybee samples.

7.7.2.2 COVID-19 detection discussion

This is of interest for many reasons other than demonstrating that corona-
viruses can be detected from honeybees or rather that the honeybees col-
lect many microbes from the environment and among those microbes are
the coronaviruses, including COVID-19. The MSP/ABOid analysis using the
standard protocols has shown to be successful in detecting a wide range of
microbes, this just being one group. The distribution of the coronaviruses
among different regions illustrated that not all the regions are the same and
that they are different in type of virus and their frequency.

It was considered important to demonstrate that the MSP/ABOid analysis
using the standard protocols could detect and identify COVID-19. By taking
a COVID-19 sample supplied by a laboratory and comparing it directly with
a sample prepared from a honeybee sample, it is demonstrated that the
MSP/ABOid analysis is accurate.

The detection of a variety of other coronavirus strains is interesting. It
appears that strains of human coronavirus and infectious bronchitis virus in
several of the regions might be useful to monitor as well as COVID-19. The
spread of a virus such as COVID-19 could prove valuable in determining the
spread and the relative averages for each area of interest, such as a town
or state.

7.8 Summary of MSP-ABOid detection of viruses

e Detects multiple viruses in single sample

o Identifies viruses to strain level

e Uses the genetic sequence as downloaded from the NCBI
e (Can detect thousands of viruses in a single sample
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Discussion

Four major methods are used in virus detection in historical order, electron
microscopy (EM), molecular (PCR and antibody), physical counting (IVDS),
and mass spectrometry proteomics (MSP). Each method has strengths
and also weaknesses. Often the best solution is to use a combination
of methods. Suggestions are made on the use of these methods to best
enable the desired conditions for the detection of a virus under different
scenarios. Ideas are presented for the protection of important people, small
groups of people, and larger groups. The need for accuracy in the detection
as well as speed to be able to detect is discussed. Methods are discussed
with regard to their affordability. The chapter discusses which methods
are best indicated for detecting unknown or un-sequenced viruses as well
as multiple viruses or a combination of unknowns and multiple viruses
in a single sample. Early warning of viral outbreaks is important in some
situations; the methods used in clinics and hospitals might be different
than methods used for environmental samples, agriculture, animals (mad
cow disease and foot-and-mouth disease come to mind), and insects (the
detection of viruses in honeybees is important). The optimized solution for
each use is discussed. The take away from this book is that we can detect
viruses.

8.1 Introduction

Detecting viruses from the biological soup that we live in which contains
trillions and trillions of microbes (the mixture of fungi, bacteria, and viruses)
is an immense task. Science has made incredible advances in the last
hundred years when we first suspected a particle smaller than bacteria (a
virus-like particle) existed beyond our ability to visualize it with photonic
(light-based) microscopes or otherwise sort it out. The advancements in
the 1930s, 1990s, and early 2000s allowed the visualization, phylogenic
mapping, and the current sorting out of virus by family, species, and
strain. New methods were invented as technology improved in computing,
biomolecular methods, particle counting, and mass spectroscopy. The
strengths and weaknesses of each of these methods need to be considered
when detecting viruses under different conditions. In Figure 8.1 some of
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Figure 8.1 Differences in types of virus detection methods.
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the general requirements for virus detection are considered. These are basic
requirements and do not include all the capabilities for each technology
as many have multiple applications and uses. When considering the use
as a virus detector certain capabilities are more important depending on
the application. In the following charts these requirements are customized;
for example, if the application for detecting viruses needs to be rapid,
that feature becomes important; if you have the time, it is less important.
The check marks are used to indicate a “yes” answer; however, there are
situations where the consideration of other features becomes paramount,
such as the need for special skill to operate or the need to create a new
primer or the cost. The check marks are an indication and assume that the
application is ready to run and many of the set-up requirements are already
complete. Another example is that, although PCR is listed as affordable,
this may change when the need to add in new primers and all the work
that is required to get ready are considered. Likewise, electron microscopy,
IVDS, and MSP methods require costly equipment and skilled operators.
These methods need to be considered along with their benefits, such the
ability to detect unknown viruses using EM and IVDS but not molecular or
MSP methods. If you have the equipment then consider the operational
aspects. It should be noted that most users of a particular technology are
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fervent supporters of their particular method and often claim that they have
the solution for every situation. Clearly a combination of technologies is
indicated due to wide and various requirements.

8.1.1 Proven science

All the main technologies have a long track record of proven science.
Electron microscopy, both transmission (TEM) and scanning (SEM), has
given wonderful pictures of viruses. These pictures have been useful in
making the artist concepts (graphic illustrations) of the various shapes, sizes,
and their attached proteins on their surfaces. The “spike” protein on the
coronaviruses is interesting. Biochemical approaches likewise have given
us detection methods based on genetics, and the resulting phylogenomic
associations have helped to classify the viruses according to their genetic
relationships. This has the advantage of sorting the 50,000 sequenced
viruses and gives a path forward for all of the millions if not trillions of
viruses yet to be discovered and sequenced. Discussion sometimes occurs
around the identification of new strains of viruses as they are often
closely related to other strains. It does, however, put the new virus into a
proper relationship with the other viruses. The discoveries have continued
making the technologies and their methods faster and easier to use, more
reliable, and robust. The immunological approaches are similar. They are
well-established approaches and are good for detecting the antibodies to
a particular virus. They can also detect an unknown virus by pairing the
antibodies discovered with the virus. Forty plus years of extensive experience
has resulted in a wide variety of test kits and methods for detecting common
viruses. They have limitations such as being able to detect only one virus at a
time, although techniques such as multiplex arrangements add several single
detection processes together in order to detect several viruses. Direct virus
counting was invented next in the late 1990s, and the IVDS methodology is
the common instrument. This process allows the direct counting of whole
or intact virus particles and separates them by their size, small viruses (polio)
to large viruses (smallpox), as confirmed by electron microscopy. VDS can
also determine the concentration of viruses. With this method and with a 4
nm separation, all viruses can be sorted by size and detected in one sample.
It has to ability to detect any virus, sequenced or not. It does not identify
them genetically or put them into a phylogenetic relationship. Finally, in the
early 2000s, mass spectrometer proteomics (MSP) with the ABOid software
was developed to a point where peptides could be identified and computers
improved to the point where large computer codes such as ABOid could be
processed. Combined with increases in the number of viruses sequenced
all the known 50,000 viruses sequenced could be detected and identified
in samples without the reagents needed for biochemical means. All the
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methods can detect viruses, the question is which method works best for a
particular situation given their strengths and weaknesses.

8.1.2 Accurate detection

When considering the accuracy of detection all the methods have different
degrees of accuracy and they need to be considered based on what kind
of sample is being analyzed. When electron microscopy sees a virus,
particularly one with distinguishing features, it has high certainty that the
virus is present and some estimate as to the identity. Sample preparation is
important, and some preparations may limit the accuracy. Likewise, when
PCR and immunological methods are positive for a certain gene fragment
or antibody to a virus, the method has high certainty that a virus is or was
present. Contaminations within these samples can affect results leading
to a lower accuracy. Some test kits are only 60-70% accurate for some
samples. Direct counting using IVDS acts as a particle counter; it simply
counts the virus particle with high accuracy. It also counts any virus or virus
fragment. Large viruses (larger than 200 nm) can be disassociated by rough
handling. The latest method, MSP, can detect and identify a wide range of
viruses with high accuracy. Careful preparation of the sample and a certain
amount of cleanliness is indicated to avoid background noise.

8.1.3 Affordable

The methods can be ranked according to cost per test: IVDS, immunology,
PCR, MSP, electron microscopy. If they are ranked according life cycle
costs (equipment is already acquired). Estimating the cost of the support
equipment and supplies such as primers, reagents, etc., the ranking would
change the list to: IVDS, PCR/immunological, MSP, and electron microscopy.
Instruments and maintenance figure as large one-time purchases, such as
electron microscopes, 1VDS, and PCR machines. Likewise, reagents and
manpower are expensive for electron microscopy, PCR, immunological
methods, and MSP.

Another way to look at this is that once the cost of an instrument is
made and the primers and reagents are made/purchased then the way to
consider detecting a virus is by costs per sample over the long term. Even
this consideration is tempered by the number of instruments available or
as is the case for PCR/immunological the cost to produce a kit for testing.
In cases where an expensive instrument is needed, once the detection
instrument is available for use the detection of a virus or viruses can
continue uninterrupted for an indefinite time, and the cost per sample
decreases. Also, consider the detection of an unknown (not sequenced)
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virus or a man-made virus. Using PCR and immunological methods, it would
soon be impossible to make test kits for all the 50,000 sequenced viruses or
the trillions of unknown let alone man-made viruses. Immediate detection
of an unknown or man-made virus presents another problem. Remember
the n+1 rule.

One more thought: instruments can be used at any time and shelf-life is
usually not an issue. Electron microscopes, IVDS, and mass spectrometer
proteomics (MSP) can sit unused until needed, with no expiration date or
shelf-life. There are some considerations for supplies for preparing samples
for the EM and the MS. There are no limitations for IVDS; it can sit for a
long time, maybe even years in a storage configuration and be brought to
use quickly when needed. PCR and immunological methods have concerns
with shelf-life (usually 18 months) and special reagents that are needed to
fully configure this method of testing. One example of this is the lag time or
delay in testing for a new virus and then the shelf-life of the testing kits. The
kits are usually specific for a virus and need to be replenished or a new kit
developed for a different virus. Reagents are usually best used “fresh”. It is
not unusual for a month to pass while the PCR and immunological supplies
are readied to verify a detection made by IVDS or the mass spectrometer
or even the electron microscopes. In this manner PCR and immunologi-
cal methods are not recommended for screening samples; use the IVDS to
detect and the mass spectrometer to confirm, and use PCR/immunological
means later. One such use is in testing large populations for a particular
virus or viruses when the virus is well characterized. Large numbers of kits
can be prepared for this use. One main issue with kits is that they are a
“one-time-use” and you can run out of kits. Instruments such as the IVDS
can screen samples for years without a worry about running out of kits.
The issue is that instruments such as VDS are not numerous and cannot, at
this time, reach a lot of people. EM, IVDS, and MSP are also limited by the
number of samples they can test each day. One way around this limitation
is to manufacture a lot of instruments and put them in strategic sites to be
used when needed, and in the case of IVDS test a large number of people,
and test again, and again as it is a multiple use technology.

Considering that all these technologies (methods) can detect viruses, the
actual affordability is governed by how urgent the need is, how fast a
detection is required, how many people are to be tested (maybe surfaces
and things as well), how accurate, and how reliable. We need to consider:
what are we trying to do, and how much can we budget? Sometimes a
phased solution is indicated: fast partially accurate methods followed by
highly accurate methods.
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A long-term and affordable solution may be a network of rapid detection
methods, backed up by highly accurate methods. A network that can stand
by and be brought into use when needed, one that can detect and identify
future outbreaks. This may be the most affordable solution.

8.1.4 Screens for unknown viruses

Only the IVDS and electron microscopy can detect unknown viruses at the
moment. IVDS is a virus counter and it does not depend on what kind of
virus it is counting. Electron microscopy is looking for the virus and either
it sees or it does not. Other methods such as PCR, immunological, and
mass spectrometer methods can mimic this by the detection to a higher
classification such as at the family or genus level, but these methods are
still limited to the list of sequenced organisms. If the new or unknown virus
falls outside of this group it will not be detected and is invisible to genetic
classification.

8.1.5 Ability to detect multiple viruses

IVDS, electron microscopy, and MSP all can detect multiple viruses in a single
sample. The MSP method is limited to those viruses that are sequenced and
ready for detection; likewise, PCR and immunology methods can multiplex
single detection methods into a larger array to detect multiple viruses. The
multiplex is always limited to the virus plus one rule. There is always one
more virus to detect, and in some cases that is the one that is important.
It is important to consider the differences between these methods. The
common features are that they both use sequenced information and both
are as accurate as the genetics allow. There are also differences in how they
function; MSP is an instrument that detects peptides and uses software to
identify them and then sorts unique peptides to identify the virus. PCR and
immunological methods use reagents, wet chemistry, and biomolecular
methods to provide a means of detection. MSP can run continually, given
adequate supplies, at a constant rate; PCR can test until it runs out of kits or
a new virus emerges that is not detected by the kits.

8.1.6 Quick results (5-10 min)

Ranking the four methods as to how fast to run a sample and obtain results
yields: IVDS (less than 5 minutes), PCR (minutes to days)/immunological
(minutes), MSP (hours to days), and electron microscopy (hours to days).
That is assuming the methods are ready to test, are in-place, and that the
sample is just being analyzed. Again, each technology brings a slightly
different approach to the problem.
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Another consideration is the ability to share the information electronically.
This implies a couple of methods. All the instruments produce a file with
either an image (electron microscopy), a file of the analysis (PCR and
immunology, IVDS), or a file that can be reanalyzed (MSP). The first three
methods can share results, but the analysis needs to be re-run to provide
updated information. The file of the MSP method contains all the biological
information, even the information for un-sequenced viruses, and can be
re-run if, for example, new sequences are available for a new virus. This
is done with software, and the MSP instrument is not needed. This is very
useful if samples were analyzed around the world and sent electronically to
a central site for various purposes. In this manner archived samples could be
re-examined as the virus sequences are updated. It should be noted that the
number of viruses sequenced has increased by 10,000 in the last few years.
The number of viruses may number in the trillions, and new sequences are
added on a continual basis (Figure 8.2).
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Figure 8.2 Challenges of virus detection methods.
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8.2 What are the challenges when detecting viruses?

8.2.1 Interference

Each of the four methods has its own unique issues that cause interference.
Again, in historical order, electron microscopes, both transmission and
scanning, have concerns with the preparations of the sample. In some
cases, more than 300 different methods have been used to prepare a
sample before artifacts were controlled. Cutting thin slices for transmission
microscopes can frequently be a factor, and there are many other issues;
see Chapter 4 for more details. PCR and immunological methods can have
interference from heavy metals and complicated sample matrices; see
Chapter 5 for more details. IVDS methods have the least interference. The
“Virus Window" limits interference from other particles, and the sample
matrix does not appear to be an issue; see Chapter 6 for more details. Mass
spectrometry has issues with being very sensitive and picking up ambient
contamination; see Chapter 7 for more details. A solution to this issue is
to use multiple means to detect a virus, thus maximizing the chances of
detecting a virus.

8.2.2 Sensitivity or trust in a particular technology

This is the question of a false negative. If the detection method cannot
detect a virus because there are too few of them, or they are not equally
dispersed in a sample, or simply they are missed in collection, then the
virus is not detected and the test shows a negative when in fact it is a posi-
tive. Adherents of each technology will frequently loudly proclaim different
levels of detection, e.g., the theoretical limit, and not the actual level of
detection, with lots of charts and arrows to prove their point. There is a
functional level of detection that gives a reasonable confidence in detec-
tion. This should be considered when the number of viruses needed for an
infection is determined. It is different for each of the viruses. People need
to be cautious when selecting a virus detector, and due to the need to
safely test high value groups using more than one method should be con-
sidered. Probably the most reassuring is the electron microscope because
it will actually see the virus. Still, no image does not always mean no virus.

High value groups should consider using the IVDS for early detection,
followed by a multiplexed PCR method, followed by MSP and then electron
microscopy. The reason for this grouping is the speed of detection, fast
to slow. To conserve resources, test for a virus using a reliable re-usable
method. Since it can be expected that most samples will be negative it
makes sense to test only the positive detections to confirm. There is no point
in using a kit for every test when most are negative, you would run out of
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kits. This is followed by the MSP and a final test by electron microscopy. As
the population to be tested increases this procedure can be scaled. Mass
populations remain a challenge. Clearly, to test a mass population with a
kit that has at the best 70% accuracy leaves a large number to continue to
infect, thus complicating control.

8.2.3 Other things

One concern is the reliance on a single technology for detecting viruses and
protecting high value groups. Likewise, users need to be aware of the limi-
tations of each technology and use them accordingly (Figure 8.3).

8.3 Clinical

8.3.1 Clinic

Usually in a clinic there is 5-10 minutes to test a sample for various require-
ments. A1C tests for glucose usually takes a few minutes, whereas blood
panels take a little longer (days). Testing for a virus or viruses could be made
upon entering a clinic or while waiting by IVDS. If positive, then test with an
antibody kit or PCR for a specific virus and if negative by MSP.
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Figure 8.3 Considerations of using virus detection methods for clinic use.
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8.3.2 Centralized testing center — separate from a hospital

Such an operation that routinely processes samples for diagnostics could
easily test for viruses. Again, what is indicated is a method for testing for the
presence of a virus (IVDS) followed by immunological tests for a specific virus
followed by PCR and MSP if the IVDS test is positive.. Initial screening might
take a few minutes while verification and identification may take longer
depending on the virus. Common viruses such as influenza, hepatitis, and
others have well-developed PCR and immunological tests for verification.
Unknown viruses or less well-known virus may take longer to process.

8.3.3 Hospital

When you arrive at a hospital, the technique of asking people questions
and having their temperature taken in an attempt to screen out COVID-19
is marginal. Accurate, rapid detection is indicated. A reusable technology,
an inexpensive technology, and one with minimum logistics is needed. It is
important to screen for multiple viruses and unknowns as the target virus
may change. Screen for a virus and then confirm identity with a second
technology if needed.

Other requirements could utilize centralized testing. This practice would be
for the screening of staff and others as indicated. It is important to con-
sider the false positive and false negative results; it is desirable to have these
occurrences as low as possible. It is important to have an accurate indication
of a negative and an accurate detection. The indicated order of use is: IVDS
followed if a virus or viruses are detected by PCR or immunological test for a
particular virus or by MSP for multiple viruses to gain an identity (Figure 8.4).

8.4 Environmental

Viruses are found in nearly every ecosystem. They are associated with all
animals, all plants, and probably with every other living organism. As a
result, virus detectors are indicated for all people working in these areas.
From agriculture to zoology there is a need for a method to identify and
classify viruses. Let us consider a few examples.

8.4.1 Agriculture - insects (bees), plants, and animals

Domestic and wild animals have viruses. Some among domestic animals are
economically important, such as foot-and-mouth disease. This is a hardy
environmental virus important to cattle. Roughly 20 nm in size, it is a simple
virus to detect. It is frequently in an environmentally challenging matrix —
the barnyard. If you are trying to detect this virus in a natural setting use
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Figure 8.4  Use of virus detection methods for environmental samples.

IVDS to detect followed by other methods to confirm or identify. Most PCR
and immunological methods find backgrounds such as the barnyard clut-
ter challenging, often interfering with an accurate detection (Chapter 5).
Instruments such as the VDS, MSP, and electron microscopes do not have
this limitation. IVDS can detect all the viruses in the matrix (Chapter 6).
MSP is indicated for the identification but takes more time for an analysis
(Chapter 7). Electron microscopy is useful for detailed study, but takes more
time (Chapter 4). Depending upon the time constraints of the virus detec
tion and mobility of the testing methods, different means can be used to
detect viruses. If the number (concentration) of viruses is to be determined,
or the identification is needed or the relationships of the virus to the back-
ground matrix or a combination of these requirements are needed a tech-
nology or combination of technologies can be used.

Likewise, insects frequently carry or harbor viruses. This is particularly
the case with the honeybee which is of particular interest because of its
importance as a pollinator and in producing honey. Several, sometimes
closely related, viruses cause disease in the honeybee (see Chapter 7 for
examples). Variola mites have their own viruses, and these mites are in turn
related back to problems with the honeybee. Countless other insects have
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their own viruses which frequently cause disease. The bark beetle is an
example. The study of all these viruses and their insect hosts are important
for several reasons including their economic impact.

8.4.2 Water

Water is essential and needs careful monitoring. Water quality is frequently
tested, and testing for microbes is often routine. Testing for viruses is less
routine, because of rough water treatments which are supposed to remove
most microorganisms. Many viruses can enter the water system through
a wide range of conditions, and methods for testing for common gut
viruses are indicated. Routine testing of water usually has the luxury of
having time to test and any technology can be used. Again, a combination
is recommended simply because of the limitations. It is suggested to test
for multiple viruses.

Water is among the easiest of the sample matrices encountered. For this
reason, instruments such as IVDS have a fast sample throughput. PCR and
immunological methods have minimal interferences, and MSP and electron
microscopy have simple preparations. It should be mentioned that water
can dilute the number of viruses per sample, and metabolize molecular
components.

Naturally occurring water may have lots of viruses. IVDS has detected
numerous viruses in various sea water samples, for example. Streams and
well water most likely have their share of viruses.

8.4.3 Research

Since viruses are nearly omnipresent it makes sense to study them. There
are more than 50,000 viruses that have been sequenced, and the number
is growing. As we understand the relationships between fungi, bacteria,
viruses, plants, and animals we may gain insight into the part they play in
the world. Viruses cause a host of diseases. That alone is a vast body of
research to be done. How do we control viruses? Should we control them?
One area that is important — that we should seek to understand them as
viruses are a large part of the world in which we live.

Another area of research is how long do viruses survive? This has been a
question asked since they were first recognized. A sample was collected
and characterized and quite by accident left on the work bench. Out of
curiosity the sample was retested and the virus was found intact and very
happy. Bench top, hot areas, cold areas, dry areas, etc. are different, condi-
tions were viruses are found and known survived. Follow-up investigations
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Figure 8.5 Using virus detection methods during a pandemic.

showed that this particular virus, a small RNA virus, survived for weeks,
and weeks on the bench top, it is still there and being tested weekly. It
was counted by IVDS and is being confirmed. This is contrary to what PCR
teaches. This story continues, but continuing research is just beginning
(Figure 8.5).

8.5 Use during a pandemic

It appears that society is slow to set up defenses against something they
cannot see, or perceive as a threat, or simply do not want to think about.
This problem may be generational; the current people appear not to be
trained, they are not veterans and appear to be inexperienced. Also, the
population is not trained. We have had experience with outbreaks, the
influenza outbreak in 1918, and again in 2003, and it just floats around
out there to repeat an infection.. The COVID-19 outbreak in 2019 and the
variants are an example and so on with other viruses. We appear not to
get ready for an outbreak until it is upon us and then we react. When we
react to an outbreak, we frequently try the same old methods used in the
past and appear not to be ready. This problem has been gamed (modeled
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by computer) for years, movies made, and little or nothing done right until
after the immediate crisis is over. We need to get ready as we may not have
the time to react next time.

Several viral diseases have been successfully combated and appear to be
under control, for example Mumps, rubella, and the great success with
smallpox. Others are maintained but still a problem; yellow fever and
dengue fever are still among us to name just a couple. Some groups think
that a vaccine for everything is the answer. This takes time to manufacture.
Some people think it will not affect them and ignore safety protocols. We
have seen this first hand. We need a network of virus detectors around the
country and maybe even our foreign outposts, to give us early warning.
Consider this:

A man-made virus is created and is a new and present threat and danger
with a high mortality rate. It may appear as an unknown virus and certainly
will not be publicly sequenced and posted. Do we accept another million
casualties while we react to it? A better system needs to be prepared to give
early warning and give time to react.

Develop an early warning network. This network needs the following
capabilities — first, it has to have unlimited capability and not focus on just
one or two viruses. Remember the virus plus one rule. Second, it has to be
dependable and fast. It should be a system that is re-usable and have a low
logistical footprint. It should be able to be stored, or in standby mode until
needed. It should be easy to use. After a first detection, follow-up devices
need to be available to confirm. Depending on the new virus which has
already been detected and confirmed, systems can be brought to bear to
classify it. Put it into a phylogenic tree and identify it, if possible. Then look
at what can be done, vaccines, treatments, isolation, etc.

What technologies are then indicated? Looking at the list, it must be
accurate and re-usable, and have unilateral detection, low logistics, and
no shelf-life. Use the IVDS instrument to look for viruses, it meets all the
requirements. It does not give the phylogenic relationship, but the MSP can
be used and then an electron microscope can be used to show the virus for
confirmation. PCR and immunological methods can then be developed to
test for the virus.

This network can then give an early warning of an outbreak and provide a
quick path to follow the course of the new virus and allow for full mobiliza-
tion to contain and control it.
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8.6 Other uses

8.6.1 Public use

The public use of a virus detector is one of the most challenging scenarios.
Developing a test for general use has to take into consideration the wide
variation in people and what they may test. Depending on the purpose
and how it will be used and to minimize the down time we must consider
the available technologies. A vast number of the public would misuse a
testing procedure and minimize the effectiveness of a public testing system;
for example a public kiosk in a retail store would need to be robust and
durable and would likely be subject to damage. One thought is using an
instrument like the IVDS to test for the presence or absence of a virus
and then follow up with a more comprehensive test if positive. Such an
instrument, although it can be operated by a high school graduate, could
be subject to clogging and down time. People would not follow directions
and test all sorts of sample matrices. A curious person may try to evaluate
motor oil or other such compounds just to see what is detected. Such use
by one or two people out of thousands would deny the virus detection to
the rest. A way around this is to have someone at the point of use actually
process that sample. For routine saliva samples a test could be performed
in a few minutes. Likewise, the other technologies. The MSP methods and
electron microscopy would be excluded for such public use because of the
length of time to get an answer and the somewhat special skill required in
operating them. These limitations could be overcome by advancements in
the technology and automated sampling.

PCR and immunological methods could be used in a similar manner.
Antibody test kits are available and are released for home use. However,
a positive result using a home kit comes with a recommendation that the
test be confirmed by another test or methods elsewhere. Such methods
are similar to a pregnancy test kit, and two tests that are positive does not
mean you will have twins. A professional would need to follow-up.

8.6.2 Fixed sites

One way to address this public use is the utilization of conveniently located
testing centers. Such centers already exist in most locations and are used by
local hospitals, physicians, and others to collect and analyze such samples.
These centers could easily be used for virus detection. Which technology to
use routinely can then be determined. Again, it would appear that the IVDS
instrument could be used for testing for a virus. Another technology could
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be used to confirm the virus and/or make an identification: immunological,
PCR, MSP, electron microscopy. Remembering that a positive detection by
IVDS may not necessarily be confirmed by PCR and immunology, because
of the limit in viruses primed to detect, and the error rate of over 60%,
other technologies may be needed such as MSP or the electron microscope.
Nevertheless, routine viruses can be detected and confirmed. IVDS can
sort out the negatives and PCR and immunological methods identity. This
combination is important simply because of the preponderance of negatives
and the impracticable need to keep and store a wide range of kits. Where
only a few viruses are indicated, then a multiplex system or several test kits
could be used for verification. It is not recommended to just use the PCR
and immunological kits as a primary means for testing for viruses, because
of their high error rate and the virus + one rule, where it can be likely a false
negative (where the method is blind) is reported and the person is actually
positive for a virus. This is particularly important when considering a new
virus.

8.6.3 Protecting small high value groups

Consider a person or group that is important and that cannot be exposed
to a virus. This group may be government officials, city officials, governing
bodies, or police and emergency responders. It can be a common virus or
an exotic unknown virus. How do you make sure? One approach is to test
everyone who comes into contact with this person or group. We know
the failure of using only PCR and immunological methods by the fact that
heads of state have contracted COVID-19. This leads to the question of
other viruses or indeed a new virus beyond our experience. There is no
excuse for “almost pregnant”. Test everyone, at the door, with IVDS. It can
be used continuously, 24/7, with a minimum of supplies. Personnel can be
tested frequently and there is no resupply or shelf-life problem. Frequency
of testing can be determined as needed from high to low without having
to be concerned about having enough test kits or the right test kits. Since a
sample test takes about 5 minutes for saliva it is not invasive. People with a
positive test are not admitted and seek assistance. Their test is then subject
to confirmation by other means.

8.6.4 Protecting small groups

Numerous small groups such as on airlines, trains, and buses as well as
those attending conferences, international groups, meetings, and similar
groupings of people coming together from some distance or from different
environments indicate attention. It is not enough to ask a few questions
and wear a surgical mask to protect the participants. Use a mobile testing
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capability. Instruments indicated are IVDS to detect the present or absence
of a virus followed by PCR and immunological methods to confirm
the identity of the virus if possible. Nevertheless, people with a positive
detection are not allowed into the meeting. Those in the meeting who have
tested negative will have a high confidence of not being exposed to a virus.

People traveling are frequently tested for COVID-19 before they travel.
Given the high error rate of these tests many positives get through, and
may negatives end up not traveling. This is highly unacceptable; it is better
to not test at all. A mobile testing platform is indicated. As with any group,
use the IVDS to test for the presence or absence of a virus and PCR and
immunological methods to confirm for a list of known viruses. Several
mobile units can come together to test larger groups. In this manner test all
travelers on all sorts of transportation.

The mobile units have been placed in a vehicle. The testing process can be
conducted for schools (hundreds of people), departments, and businesses.

8.6.5 Protecting large groups

Bringing together several mobile testing stations works for a few hundred or
maybe a few thousand people. Where people gather for a sporting event,
test at the entrance. Mobile units could be available and test everyone at
least once. The number to be tested and the time allowed would determine
the number of mobile units. Testing hundreds of thousands or millions in
other conditions poses different challenges. Statistical sampling and other
processes are indicated.
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