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virulence in Yersinia pestis—the plague
bacterium. The article beginning on p. 4
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plague as a prototype for pathogenic agents that
could be used in biological terrorism. Research
is also continuing on DNA signatures that can be
used to quickly detect and identify plague
outbreaks.
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The Laboratory in the News

Faster detection of salmonella

Biomedical scientists Peter Agron and Gary Andersen have

developed a DNA-based detection system for identifying the
presence of the salmonella pathogen, a major cause of food
poisoning in humans. In a paper published in November 2001
in Applied & Environmental Microbiology, Agron and
Andersen described their work to develop a DNA signature
that will cut down the time usually taken to identify
Salmonella enteritidis—the strain that causes bacterial
infections—from as long as 2 weeks to as short as 2 hours.

During a year-long research effort, Agron and Andersen
identified unique segments of DNA in S. enteritidis. They
used a technique called suppression subtractive hybridization
to compare the DNA of similar strains of Salmonella and
determine what fragments of the DNA of enteritidis were
unique and therefore the basis of its signature. Then they
designed primers, or DNA markers, of the unique enteritidis
regions. The primers were replicated many times using the
polymerase chain reaction, and the replicated regions were
processed to identify and characterize S. enteritidis
unambiguously.

Coauthoring the journal article with Agron and Andersen
were Jessica Wollard, also of Lawrence Livermore; Richard
Walker, Sherilyn Sawyer, and Dawn Hayes of the California
Animal Health and Food Safety Laboratory in Davis,
California; and Hailu Kinde of the California Animal Health
and Food Safety Laboratory in San Bernardino, California.
Contact: Peter Agron (925) 423-1284 (agron1@Iinl.gov) or
Gary Andersen (925) 423-2525 (andersen2@Iinl.gov).

Need for explosives simulants increases

A California company with ties to the Laboratory predicts
that its business will grow as a result of the September 11
attacks.

Van Aiken International, located outside Los Angeles,
expects that the need to train more dogs to detect explosives
and the increased screening of airline baggage for explosives
will put a high demand on the explosives simulants that it is
manufacturing under license from Lawrence Livermore.

Some 6 years ago, researchers at Livermore began
developing high-explosive simulants, primarily to train
bomb-sniffing dogs in real-life situations without posing a
hazard. John Kury, project leader of the program, said that he
and his team were trying to develop a full suite of simulants
to match commercial explosives, gunpowders, and plastic
explosives similar to those used to down the Pan Am flight
over Lockerbie, Scotland.

Kury said that the simulant developed at the Laboratory
contains just 8 percent of explosive, has passed all
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Department of Transportation tests, and is not classified
as hazardous. It can be detected by trained dogs, and it
looks like an explosive to an x-ray machine because it has
the same density and average atomic number as real
explosives.

Contact: John Kury (925) 422-6311.

Volcanic eruptions affected global temperature

Satellite measurements of temperature, which began to
be collected in 1979, have shown little or no warming in the
lower troposphere. These data have been cited to support
skepticism of global warming. But recent research by
atmospheric scientists has explained the apparent difference
in warming rates at Earth’s surface and in its lower
troposphere.

In a paper published in November 2001 in the Journal
of Geophysical Research-Atmospheres, these scientists
presented their discovery that large volcanic eruptions
cooled Earth’s lower troposphere more than the surface and
likely masked the actual warming of the troposphere.

The conclusion is presented in “Accounting for the
Effects of Volcanoes and ENSO in Comparisons of
Modeled and Observed Temperature Trends.” The work
was performed by Laboratory researchers Benjamin Santer,
Charles Doutriaux, James Boyle, Sailes Sengupta, and Karl
Taylor, who teamed with scientists from the National Center
for Atmosphere Research; National Aeronautics and Space
Administration/Goddard Institute for Space Studies; the
Climatic Research Unit at the University of East Anglia,
United Kingdom; and the Max Planck Institute for
Meteorology, Germany.

The scientists used a statistical procedure to quantify
the volcanic influences on surface and tropospheric
temperatures. To do so, they also had to separate out the
effects of El Nifio events, which coincided with both of the
eruptions they were studying—El Chichén in Mexico in
1982 and Mount Pinatubo in the Philippines in 1991.

“Our recent work shows that some of the differences
between warming rates at the Earth’s surface and in the
lower troposphere are due to the effects of volcanic
eruptions and stratospheric ozone depletion,” said Santer,
the lead author. “Both of these factors probably cooled the
lower troposphere by more than the surface, for physical
reasons that are well understood. Without ozone depletion
and the recent eruptions of El Chichén and Pinatubo, it is
highly likely that the lower troposphere would have
warmed over the last two decades.” These conclusions
were reinforced by results from numerical models of the
climate system.

Contact: Benjamin Santer (santer1@lIinl.gov).

Lawrence Livermore National Laboratory



Commentary by Wayne Shotts

s INCE the terrorist attacks of September 11, 2001, the
news has been filled with stories about the events and their
aftermath. Many of the stories have focused on what the U.S.
government is doing to combat terrorism and ensure homeland
security. And much of what the government is doing is made
possible by Lawrence Livermore and its sister national
security laboratories.

National security rests on two important actions: reducing
threats by stemming and countering the proliferation of
weapons of mass destruction, and deterring aggression against
the U.S. through diplomacy, treaties, and military strength.

Threat reduction is an extremely complex challenge. It
entails preventing the proliferation of weapons of mass
destruction, most critically by keeping weapons-usable nuclear
materials out of the hands of potential proliferants and
terrorists. It also involves myriad efforts to detect
proliferation-related activities and to counter them through
diplomatic or military channels. Furthermore, threat reduction
requires capabilities to defend against the new breed of
terrorist, bent on causing widespread destruction and mass
casualties without regard to personal preservation. The
proliferation and terrorism threats are highly interconnected
and must be addressed through an integrated program that
tackles the threats in all of their various guises, stages,
and aspects.

At Livermore, our threat reduction activities are conducted
under the aegis of the Nonproliferation, Arms Control, and
International Security (NAI) Directorate. Each of the four
divisions in NAI focuses on a different stage of the threat
reduction problem. The Proliferation Prevention and Arms
Control (PPAC) Program addresses the front end of threat
reduction, with particular emphasis on providing assistance to
the former Soviet Union to improve the security of its vast
stocks of weapons-usable nuclear materials. The Proliferation
Detection and Defense Systems Program (Q Division)
develops technologies to remotely detect proliferation
activities and tools to assess options to reverse those activities.
The Counterterrorism and Incident Response Program
(R Division) devises new instruments and procedures for
responding to and minimizing the effects of nuclear, chemical,
or biological terrorism. NAI’s International Assessments

.-J| Counterterrorism Is One Part of
the Threat Reduction Picture

Program (Z Division) conducts all-source assessments
related to the weapons capabilities, intentions, and
motivations of other countries and subnational groups.

Two articles in this issue highlight projects focused on
the response phase of threat reduction. The article beginning
on p. 4 describes research to elucidate the genome of the
various strains of Yersinia pestis, the pathogen that causes
plague, and uncover the mechanism of its virulence.
Building on the Laboratory’s expertise in DNA sequencing,
the researchers are searching for the DNA signatures that
are unique to Y. pestis (but not any close relatives, such as
Y. pseudotuberculosis), yet are found in every one of its
thousand-some strains. This work is conducted for the
National Nuclear Security Administration’s Chemical and
Biological National Security Program and its thrust in
biofoundations.

The article beginning on p. 10 summarizes work to
develop an easy-to-use reagent for detoxifying or degrading
chemical and biological warfare agents. The Livermore
reagent, called L-Gel, has demonstrated its effectiveness in
laboratory and field tests, and testing by analytical
laboratories certified by the California Environmental
Protection Agency has shown that the residual materials
resulting from L-Gel decontamination are nonhazardous.
L-Gel technology is being transferred to private industry,
and commercial product should be available within the year.

The fact that Livermore has been able to provide
advanced technology and expert assistance to the recently
declared war on terrorism is testament to the importance of
our threat reduction activities. Researchers in NAI have had
the foresight to prepare for the “catastrophic maybe” of
terrorism practiced with weapons of mass destruction. The
war against terrorism will be fought for many years; indeed,
it will likely never completely end. Thus, homeland security
and counterterrorism are enduring national security
missions, and Livermore’s threat reduction activities will be
even more critical in the years to come.

B Wayne Shotts is associate director for Nonproliferation, Arms Control,

and International Security.

Lawrence Livermore National Laboratory
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name the genus Pasteurella after his
mentor, Louis Pasteur. But Yersinia,
after its discoverer, is the name

that stuck.

Today, Yersinia pestis is one of
several infectious diseases and agents
of bioterrorism that researchers across
the Department of Energy complex are
studying as part of the Chemical and
Biological National Security Program.
This program comes under the purview
of DOE’s National Nuclear Security
Administration (NNSA). At Livermore,
the work on Y. pestis also receives
support from Laboratory Directed
Research and Development.

Scientists at Livermore have
developed DNA signatures for Y. pestis
that can be used to quickly detect and
identify plague outbreaks. (See
“Uncovering Bioterrorism,” S&TR,
May 2000, pp. 4-12.) Signatures for
nine strains of the disease have been
submitted to the Centers for Disease
Control and Prevention in Atlanta,
Georgia, where they are undergoing
a rigorous validation process.

Livermore’s DNA-based detection
method proved its mettle in northern
Arizona last June when it was used to
identify a plague outbreak in prairie
dogs in just four hours. Standard
detection processes, which require

growing the suspected bacteria in a
laboratory, take 36 to 48 hours.

For a plague detector to be truly
effective, it must do more than simply
indicate the presence of a specific
organism known to cause plague, says
Pat Fitch, who leads Livermore’s
Chemical and Biological National
Security Program. The detector also
must be able to identify the specific
traits found in atypical plague-causing
organisms. Scientists know of several
hundred strains (or isolates) of
Y. pestis, and they do not all behave in
precisely the same way. A few strains
are believed to have been genetically
modified or engineered to be more
deadly. There have also been two
clinical cases of naturally occurring
antibiotic-resistant plague. Knowing
the precise identity of a strain of
plague—or of any infectious disease,
for that matter—could help physicians
treat a patient properly.

Plague research at Livermore
currently is focusing on what makes
Y. pestis so virulent and able to
overcome the defenses of a host
organism. Fitch is leading the Pathogen
Pathway Project, using plague as a
prototype for the functional genomics
of a larger set of pathogenic agents that
could be used in biological terrorism.

Lawrence Livermore National Laboratory

Plague Virulence

(See the box on p. 6 for more
information on functional genomics.)
Besides building better detectors,
work on the Y. pestis genome will also
lead to a better understanding of
pathogenicity and better vaccines and
treatments for the disease. The ultimate
goal, says Fitch, “is to produce a
computer model that simulates the
workings of a cell so that we can better
manage exposure to pathogens.”

Plague as Prototype

The highly contagious Y. pestis is
an excellent model for studying the
interactions of a pathogen and its host.
In the case of Y. pestis, the host may
be a flea, a rodent, or a human. Fleas
carry plague bacteria and help transmit
the disease. Once an infected flea bites
a rodent or human, the bacteria begin
to multiply in the new host, and their
virulence shifts into high gear. Y. pestis
circumvents the host’s defenses by
injecting into host cells a series of
virulence factors that inhibit the
response of the immune system.

Earlier research has shown that
when Y. pestis is grown at the body
temperature of a flea (26°C), its cells
divide, but it does not express (turn on)
many of the genes that make it virulent
in rodents and humans. When the

(a) Yersinia pestis, which causes
plague, is a pathogen likely to be
used by terrorists. (b) Its DNA
forms loops, unlike human DNA,
which forms strands. Scientists
studying it screen between two
to five million of its nucleic acid
bases to find unique regions
(circled). Using polymerase
chain reaction technology, the
unique regions can be amplified
thousands of times and
processed to identify and
characterize Y. pestis.
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Plague Virulence

temperature increases to 37°C (human
or rodent body temperature), the
bacterium begins to produce the
proteins essential to its virulence. This
virulence mechanism can be induced in
the laboratory, making plague relatively
easy to study.

Examination of the Y. pestis genome
before and after virulence has been
induced shows what genes have been
turned on. But that information is not
enough to show precisely which genes
are responsible for various aspects
of virulence.

For comparative purposes, a
Livermore team led by microbiologist
Emilio Garcia collaborated with the
Institut Pasteur in France to sequence
Y. pseudotuberculosis, the parent
organism of Y. pestis. Although

DNA decoding, known as sequencing, is the process that determines the precise orde
of the four nucleic acid bases—adenine (A), thymine (T), guanine (G), and cytosine (C)
that comprise the DNA of all living things. In the case of Yersinia pestis, its DNA
sequence comprises 4.66 million bases. The Sanger Institute in Great Britain recently
published the complete and annotated sequence of the Y. pestis genome. For three yea
before that, a preliminary version of the sequence had been available for use by

researchers throughout the world.

As the DNA genome, or parts list, for an organism becomes available—whether it be
for plague, mice, or humans—researchers begin to examine the accumulated sequence d
very closely. They are trying to identify what makes this particular genome work
it does—its wiring diagram, so to speak. They search for specific genes. They als
how DNA works with proteins and the environment to create complex, dyna
systems. Proteins are large molecules composed of amino acids that perform
functions and make up the majority of cellular structures.

Functional genomics, as this field of research is known, encompasses man
Some researchers examine when, where, and under what conditions genes are

From Sequencing to Functional Genomics

their DNA sequences are about

95 percent identical, Y. pestis and

Y. pseudotuberculosis behave

differently. Y. pseudotuberculosis lodges

in the intestine and causes flulike

intestinal distress. Y. pestis is also

closely related to the mild-mannered

Y. enterocolitica, an intestinal bug

that is itself very much like

Y. pseudotuberculosis. Y. enterocolitica

is currently being sequenced by the

Sanger Center in Great Britain.
“Bacteria evolve very efficiently and

make use of about 80 percent of their

DNA,” says Fitch. By comparison,

humans use only about 30 percent of

their DNA. Aiding speedy evolution are

the many insertion sequences in a

bacterial genome. Insertion sequences

are bits of DNA that allow large

c way

that is, turned on. Others study the expression and function of the proteins enco

certain genes. Still others use x-ray crystallography and other methods to ge
dimensional structures of proteins, which offer clues to their function. Resear

unique genes and interpret their function. Research is under way in several of these
as Livermore examines what makes Y. pestis so virulent.

Lawrence Livermore National Laboratory
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regions of DNA to replicate
themselves and move around the
genome, relocating themselves
somewhere else. When an insertion
sequence lands within a gene, it
deactivates that gene. These transfers
can also occur across species, and it
is not difficult for a bacterium to grab
DNA from another bacterium.

Y. pestis evolved from
Y. pseudotuberculosis within the past
15,000 years, a rapid evolution even
for bacteria. “Something happened
then to cause Y. pestis to learn how to
live in a flea,” says Garcia.

In addition to their normal
chromosomal DNA, bacteria may have
smaller circles of DNA known as
plasmids. Plasmids replicate separately
from chromosomal DNA and often
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house genes that encode enzymes
critical to the host cell or organism. For
example, when a bacterium has become
resistant to antibiotic drugs, it is usually
because the bacterium has acquired a
new plasmid.

One Y. pestis plasmid encodes at
least two genes that allow Y. pestis to
survive in fleas. Another plasmid is
home to the gene that activates the
disease’s invasiveness. Researchers have
found that Salmonella has a similar
plasmid, which one bacterium probably
obtained from the other.

“The interesting thing is that if
you insert the three pestis plasmids
into Y. pseudotuberculosis or
Y. enterocolitica, you don’t get pestis,”
says Garcia. “So something else is going
on. Unfortunately, it’s never simple.”

Once its virulence genes have been
turned on, plague infects its host using
what is known as Type III secretion, an
injection mechanism more colorfully
called “Yersinia’s deadly kiss.”
Salmonella typhi, enteropathogenic
Escherichia coli, Chlamydia psittaci,
various species of Bordetella, and other
pathogenic bacteria appear to share this
syringelike injection mechanism. This
common trait may indicate another area
of transferred genomic material.

Before Livermore’s research on
plague started, many of the genes
critical for virulence had been identified
but were poorly understood. The same
was true for the underlying mechanisms
of virulence. There was also little
understanding of the gene and protein
interactions that take place between the
pathogenic bacteria and its host.

The Pathogen Pathway Project is
using functional genomics tools to
identify genes important to virulence
and understand the pathways of
virulence. The team’s hypothesized
pathway, from DNA to the host
organism, is shown in the bottom
figure at right.

Expression and Function

An early task for Livermore
bioscientists and computations experts
was to develop a relational database of
the DNA sequence of Y. pestis. In
collaboration with the DOE Genome
Consortium at Oak Ridge National
Laboratory, these data were used to
computationally predict where the
4,500 genes in Y. pestis are located and
which genes might be associated
with virulence.

Next, Livermore bioscientist Vladimir
Motin and colleagues designed chemical
reagents for extracting over 300 genes
from Y. pestis DNA, including all known
virulence-associated genes on the
plasmids. In an initial test, they extracted
85 genes associated with virulence and
spotted them on a glass microscope slide
alongside 11 control spots, making up a
96-spot microarray.

Host cell

Bacterial cell

Genes
(DNA)

Message
(RNA)
V%

» Proteins

VN

Plague Virulence

A microarray permits scientists to
study the response of thousands of
genes or other pieces of DNA quickly
and efficiently in a process known as
transcript profiling. In the process, each
gene receives some kind of stimulus,
causing it to turn on and produce
messenger RNA (mRNA). In the case
of plague, the stimuli are changes in
temperature and calcium concentration.
The production of mRNA leads, in turn,
to the synthesis of unique proteins. The
level of mRNA can be measured for
each individual gene. The more active
or expressed genes there are, the more
mRNA will be present.

For the 96-spot microarray, the team
developed a protocol to study the
response of Y. pestis genes under
conditions that mimic the infection
process: at both flea and human/rodent
body temperatures, 26°C and 37°C, and

The Type Il secretion, a
syringelike injection mechanism
more colorfully called “Yersinia’s
deadly kiss,” which is how plague
infects a host once its virulence
genes have been turned on.

Host

Function/ »
interactions

environment

\ 4

Regulation

A schematic diagram of information that is hypothesized to describe the pathways of virulence
in a pathogen. The regulatory (feedback) loop is often nonlinear, and there can be multiple

feedback paths with complex interactions.

Lawrence Livermore National Laboratory



Plague Virulence

at calcium levels that correspond to
those of blood (higher level) and
organs (lower level), the latter location
being where more virulence genes

are expressed.

More recently, they developed a
microarray for all 4,500 Y. pestis
genes. All of the genes are being
mapped at six time intervals as
temperature rises and calcium
concentration drops. The team is thus
beginning to establish a timeline for
how and when genes change and are
expressed while the plague bacterium
is infecting a human host. Some genes
are expressed early, while others are
late-onset genes. A detailed picture of
how the bacterium behaves during the
infection process will provide useful
information for the development
of diagnostic techniques and
treatment methods.

A 96-spot microarray for A
transcript profiling of

85 genes of Yersinia

pestis; 11 of the spots are
controls. Genes tagged

with fluorescent dyes C
change color in response

to various stimuli.

Garcia and other researchers also
completed a detailed analysis of three
Y. pestis plasmids, which allowed them
to confirm the location of several
known virulence genes and to uncover
four novel ones believed to contribute
to virulence. Computerized
comparisons with other genomic
databases indicated the presence of a
large number of virulence-related genes
that are similar in both closely related
bacteria such as Y. pseudotuberculosis
and distantly related bacteria such as E.
coli. The team also found numerous
gene coding regions whose function
they could not determine.

Using a proteomic approach of
protein separation techniques and mass
spectrometry (MS), Livermore
researchers led by Sandra McCutchen-
Maloney are analyzing complex
mixtures of proteins isolated from

S&TR March 2002

Y. pestis. By comparing samples grown
at the two physiological conditions
mimicking the flea and the human (at
26°C and 37°C, respectively) and at low
calcium concentration to induce
virulence, the team is detecting
differential protein expression to
identify candidate proteins important for
Y. pestis pathogenicity. Comparisons are
also being made between human cells
that have and have not been exposed to
Y. pestis in order to understand the host
immune response. Because it is the
proteins that are actually responsible for
virulence effects, the group is also
working to correlate their proteomic
data with genomic data obtained from
microarray experiments. To learn more
about the individual proteins responsible
for virulence, the team is using various
biochemical assays to test functional
models of the candidate virulence
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factors. In addition, McCutchen-
Maloney’s group is looking at
host-pathogen interactions by using
surface-enhanced laser desorption
ionization (SELDI) MS to study various
protein-DNA and protein—protein
interactions within Y. pestis and
between Y. pestis and the human host.
For example, regulatory proteins that
bind to genes and control differential
expression are under investigation, as
are the specific protein—protein
interactions of suspected virulence
factors. These molecular interactions
are key to the genetic feedback that
occurs as a pathogen infects its host,
as shown in the bottom figure on p. 7.

Differences Are Key

Before Garcia’s team completed
its comparative sequencing of
Y. pseudotuberculosis, microbiologists
Gary Andersen, Lyndsay Radnedge,
and others examined the differences
between Y. pseudotuberculosis and
Y. pestis using a different technique.
This process, developed in Russia, is
known as suppression subtractive
hybridization (SSH). SSH identifies
regions of DNA that are present in one
species but absent in another.

SSH has the advantage of requiring
only small amounts of genomic DNA.
It can be used with any genome, even
one that has not yet been characterized.
It is especially useful for identifying the
large genomic differences typically

found between bacterial genomes. For
example, SSH identified the genetic
material that causes Kaposi’s sarcoma,
a skin lesion associated with HIV and
AIDS. At Livermore, SSH has been
useful for finding differences among
anthrax strains and other potential
agents of bioterrorism.

Comparison of Y. pestis and
Y. pseudotuberculosis revealed seven
DNA regions in Y. pestis that do not
occur in Y. pseudotuberculosis. Four
of them occur very closely to one
another on the Y. pestis genome. “It
is fair to assume that pestis acquired
this region during its evolution
from Y. pseudotuberculosis,” says
Radnedge.

To learn more about the function of
genes in these areas, Garcia and others
are beginning “knock-out” studies.
They will inactivate, or knock out, one
gene at a time and test the resulting
bacterium on an animal to see how the
host and its genes respond. This is
slow, laborious work, but it will help to
determine what the function of each
Y. pestis gene is, if any, and what gene
or genes in the host are expressed as a
response. This detailed examination of
pathogen-host interaction for plague
will be the first of its kind.

Being Prepared

Research to date on plague lays the
groundwork for additional work
planned at Livermore in the areas of
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microbiology, proteomics (the global
study of proteins), bioinformatics (the
integration and analysis of biological
data), and biological modeling for the
NNSA'’s Chemical and Biological
National Security Program. Some of the
research will elaborate on plague, some
will examine a broader spectrum of
human pathogens, and some will further
the development and use of biodetectors,
mass spectrometry, and other
technologies.

In the U.S. today, plague pops out of
the rodent population and into the human
populace occasionally in the desert
Southwest. It is a larger problem in a few
other countries. But the real fear is that
plague could be used as an agent of mass
destruction. At least in industrialized
countries, it is unlikely that plague
would cause the huge number of deaths
that occurred during earlier epidemics.
Better sanitation, a more educated
populace, and a far superior medical
system would likely prevent that. But the
world needs to be prepared.

—Katie Walter

Key Words: bioterrorism agents, Chemical
and Biological National Security Program,
plague, surface-enhanced laser desorption
ionization mass spectrometry (SELDI-MS),
suppression subtractive hybridization (SSH),
virulence, Yersinia pestis, Yersinia
pseudotuberculosis.

For further information, contact Pat Fitch

(925) 422-3276 (fitch2@lInl.gov).
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T HE recent cases of anthrax spores
deliberately spread through the
mail reminded all Americans, and
especially managers of federal and
state agencies responsible for public
health and safety, about potential
terrorism with chemical and biological
weapons. The anthrax cases have also
underscored the need for safer and
more efficient methods to
decontaminate offices and homes of
deadly biological agents.

During the late 1990s, scientists at
the Department of Energy national
laboratories foresaw the need for a
safe, reliable, and easily deployable
decontaminating agent that could be
used for civilian defense against
biological and chemical terrorism.
DOE managers agreed with the
scientists and asked them to use their
expertise in chemistry, biology, and
environmental protection to develop
new decontamination products and
procedures.

Lawrence Livermore responded to
this request with a team formed from
the Environmental Protection
Department and three directorates—
Chemistry and Materials Science;

Nonproliferation, Arms Control, and
International Security; and Biology and
Biotechnology Research. The team of
diverse experts developed a compound
called L-Gel (the L is for Livermore),
which combines a mild, commercially
available oxidizer with a silica gelling
agent to create a substance that coats
walls, ceilings, and other materials like
a paint, effectively decontaminating the
coated surface.

The material is nontoxic,
NONCOITOSIVE, easy to manufacture,
easily deployable, and relatively
inexpensive (about $1 to cover a square
meter). Tests at Livermore’s
laboratories and field trials at both
federal and foreign facilities have
shown that L-Gel has been extremely
effective at decontaminating all classes
of chemical warfare agents as well as
surrogates for biological warfare agents.

Livermore technology transfer
specialists are currently engaged in
negotiations with several companies to
license the manufacturing and
marketing of L-Gel. If negotiations
proceed apace, government agencies
could have the material by the end of
the fiscal year (September 30) to
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respond to any terrorist incident
involving chemical or biological
agents.

Different Needs for Civilians

According to L-Gel development
leader Ellen Raber, a geochemist and
head of Livermore’s Environmental
Protection Department, several
decontaminating agents are effective
against either chemical or biological
warfare agents. However, these
materials, which are mainly strong
chemicals, were developed by the
military for battlefield use, and they
pose environmental and health risks
when used in civilian settings. At the
minimum, they can damage everyday
materials such as furniture and office
equipment.

Other methods that have been used
in civilian settings have serious
drawbacks. For example, solutions of
laundry bleach work well as
decontaminants but are very corrosive.
Incineration and irradiation have
obvious practical limitations in office
settings or face public resistance.
Chlorine dioxide gas, used late last
year to decontaminate the Hart Office
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Building that houses members of the
U.S. Senate, is a laborious process and
poses a safety risk to workers. It also
requires the gassed building to be
neutralized before people can reenter.

The Livermore team focused on
finding an effective decontaminating
agent and application system that is
safe to use, does not damage commonly
used materials and surfaces, is friendly
to the environment, and is effective
against both chemical and biological
warfare agents. “We wanted something
that was less corrosive than bleach, that
is easy to apply, and that does not leave
workers with a huge cleanup job,”
Raber says.

Raber points out that speed of
decontamination, which is all-important
in military applications, is less
important in civilian applications,
where decontamination times of one to
several hours may be adequate. More
important in a civilian scenario are ease
of application, minimal training
required for use, moderate expense, and
environmentally acceptable byproducts.

The team also recognizes that the
new product needs to be effective in
three potential settings of a terrorist
incident against civilians: an outdoor
location such as a stadium, a
semienclosed place such as a subway
station, and an enclosed space such as
an office building. Using the
decontaminating material on interior
surfaces can have quite different
requirements from those appropriate for
outdoor use, where natural attenuation
from environmental conditions (for
example, ultraviolet radiation from
sunlight) might well be adequate for
effective decontamination.

Start with the Oxidizer

The development effort began with
Livermore scientists Ray McGuire
and Don Shepley evaluating several
acidic oxidizer solutions that could

degrade chemicals into nontoxic,
environmentally acceptable
components. (Oxidizing solutions do
not completely destroy chemical agents
but rather break key chemical bonds to
render the toxic compound inactive.)
The oxidizers considered could be
deployed in liquid spray systems or
incorporated into compatible gels for
clinging to surfaces such as ceilings
and walls.

McGuire chose an acidic rather than
a basic oxidizer solution, primarily to
aid the decontamination of VX, a
potent nerve agent. Acidic oxidizer
solutions are also known to be effective
at decontaminating certain biological
warfare agents, including bacterial
spores, which are extremely difficult to
kill because of their hard, multilayered
coats. The coat allows a spore to
remain in a dormant state for many
years until, under the right
environmental conditions, it transforms
into a live organism.

“Anthrax is the most difficult
biological agent to kill because of its
resistant outer coat,” says Raber. An
oxidizer in acidic solution breaks down
the proteins that are found in anthrax
coats. Once the oxidizer gets through to
the nucleus, its molecules destroy
strands of the anthrax DNA or RNA.

The goal was to find the most
effective oxidizer at the lowest
effective concentration. The
oxidizers that were evaluated
included potassium permanganate,
peroxydisulfate, peroxymonosulfate,
hydrogen peroxide, and sodium
hypochlorite. The oxidants were
evaluated in laboratory tests on
chemical warfare surrogates for such
agents as VX, sarin (used in the Tokyo
subway terrorist incident), and sulfur
mustard (used during World War I).

Livermore bioscientist Paula Krauter
evaluated the same group of oxidizers
on surrogate biological agents and
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toxins that would likely be used in
terrorist attacks. Bacillus subtilis was
used for spore-forming agents such as
anthrax, Pantoea hericola was the
surrogate for plague, and ovalbumin
was the surrogate protein for
botulinum toxin.

The initial laboratory tests showed
that potassium peroxymonosulfate
was more than 99 percent effective
at oxidizing both chemical and
biological warfare surrogates that were
placed on common materials such as
carpet, wood, and stainless steel. The
results led to the selection of Oxone, a
commercial product manufactured by
DuPont, which contains potassium
peroxymonosulfate—its active
ingredient—in a water solution.
Previous research at U.S. military
laboratories had demonstrated the
effectiveness of Oxone in
decomposing both VX and mustard-
type agents, but the compound
had not been previously tested on
biological agents.

Exosporium

Inner/
membrane

Coats

The cross section of a bacterial spore, such as

anthrax, shows its hard, multilayered coats,
which both make the spore difficult to kill and
allow it to remain dormant for many years.
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Gel Adds Staying Power

The team recognized that spraying
water-based solutions of Oxone would
not be effective in all cases.
Consequently, McGuire and Mark
Hoffman investigated carrier materials
that would thicken the oxidizer so it
would better cling to walls, ceilings,
and other surfaces to increase
contact time with the biological or
chemical agent.

Hoffman chose colloidal amorphous
silica as the carrier material for several
reasons. First, unlike crystalline silica,
which is toxic, colloidal amorphous
silica is safe to use and is found in many
household paint formulations. Also,
silicon dioxide colloidal particles are
commercially available, don’t require
manufacturing in a special facility, and,
because they are chemically inert, are
compatible with oxidant solutions.
When mixed with the oxidizer, the gel
can be applied with simple delivery
systems, such as paint sprayers. After
application, it thickens and tends not to
sag or flow down walls or drip from

The biocidal effect of
peroxymonosulfate, the
oxidizer in L-Gel, is seen on
this nutrient agar plate of
Bacillus subtilis spores
(surrogates for anthrax).
Three spots of silica gel
were added to the plate.
Two of the spots contained
peroxymonosulfate and one
(at right) did not. The
peroxymonosulfate-
containing gel inhibited
spore germination in the
zone surrounding the gel,
even leaching into the agar.

ceilings. Finally, silica gel materials
can be easily vacuumed up after they
have dried.

Livermore chemists have extensive
experience with colloidal silica gel.
From the late 1960s to the late 1980s,
the chemists developed a series of
extrudable high explosives based on the
gelling of energetic liquids. Although
this research did not advance to the
explosives production stage, the
development effort provided useful
experience for working with silica-gel
materials. It was a logical step to adapt
this work to the gelling of aqueous
oxidizers for candidate decontaminants,
says Hoffman. “Our research with high
explosives gave us a good feel for
working with silica gels.”

Hoffman selected Cab-O-Sil EH-5
fumed silica as the gelling agent.

The final formulation was named
L-Gel 115, which is a formulation of
aqueous Oxone solution gelled with

15 percent EH-5 silica gel. The
viscosity can be varied, depending on
the application. Under development is a

Lawrence Livermore National Laboratory
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second formulation, called L-Gel 200,
which contains 10 percent t-butanol
cosolvent to promote penetration

on surfaces with heavily coated paint
or varnish.

Field Tests Prove Effectiveness

The final L-Gel 115 formulation
was subjected to a series of tests at
Livermore facilities using surrogates of
potential terrorist chemical and
biological agents. The tests involved
placing surrogate chemical and
biological agents on various common
materials—varnished wood, painted
steel, glass, fiberglass, and carpet—
adding L-Gel to the surface, allowing
the gel to dry for 30 minutes to several
hours, and then determining the
percentage of surrogate that had been
decontaminated. L-Gel proved greater
than 99 percent effective on all
surfaces and for all agents.

The Livermore biological
researchers also tested L-Gel on safe
strains of the deadly biological agents
Bacillus anthracis (anthrax) and
Yersinia pestis (plague). These
strains— Sterne and Strain D27,
respectively—could be safely used in
experiments because they are
nonvirulent, that is, they do not contain
the genes that create the lethal toxins
present in the real organisms. (See the
article beginning on p. 4 about research
on sources and pathways of virulence
in organisms.) The researchers used the
agar plate resistance test, a standard
technique to measure the efficacy of
antibiotics. In this test, about one
million cells (or spores, in the case of
B. anthracis) were combined with
liquid agar, then poured onto a petri
dish containing nutrients for cell
growth. The strains were also tested
against dilutions of L-Gel, which
proved more than 99.9 percent
effective in killing the cells and spores.
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L-Gel also was tested against
surrogate spore-forming bacteria in two
field exercises. In December 1999,
researchers Krauter and Tina Carlsen
participated in biological warfare field
tests that were conducted by the Soldier
Biological and Chemical Command at
the U.S. Army Dugway Proving
Ground, Utah. The tests compared the
ability of several decontamination
materials to inactivate surrogate
organisms placed on six 40-square-
centimeter panels of acoustic ceiling tile,
tightly woven carpet, fabric-covered
office partition, painted wallboard,
concrete slab, and painted metal. Each
panel was contaminated with about
10 billion spores per square meter.

After L-Gel was applied, the panels
were swabbed about 24 hours later.

107

106

105

104

103

The number of live spores on most test
panels was reduced by an average of
99.988 percent.

In October 2000, Krauter and
Hoffman participated in a biological
warfare agent room-decontamination
exercise that was conducted again at the

Dugway Proving Ground. The tests used

full-scale, mock offices constructed in
an abandoned building. Flooring was
divided into quarters consisting of
carpet, vinyl tile, varnished oak, and
painted concrete. Walls consisted of
stucco, wood paneling, plasterboard,
and carpet, and the ceiling was
constructed of suspended ceiling tile.
The room was contaminated with

4 grams of spores. After application of
L-Gel, about 400 samples were
collected from multiple locations in the

L-Gel

b A
Researcher Paula Krauter applies L-Gel to
“contaminated” panels of different materials
to test the gel’s effectiveness.

(Error bars are the calculated standard deviations)

L-Gel treated samples

Level of detection

Number of spores recovered from each 10-square-centimeter
of material, average of 5 trials

Cement

Painted
metal

Panel
fabric

Ceiling

Painted
wallboard

L-Gel was tested against surrogate spore-forming bacteria at the Soldier Biological and Chemical Command at the U.S. Army Dugway
Proving Ground, Utah. In one test, surrogate organisms were placed on six 40-square-centimeter panels of acoustic ceiling tile, tightly
woven carpet, fabric-covered office partition, painted wallboard, concrete slab, and painted metal. L-Gel reduced the number of live spores
on most test panels by an average of 99.988 percent.

Lawrence Livermore National Laboratory
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How Clean Is Clean Enough?

When a terrorist attack on civilians potentially involves
biological or chemical warfare agents, decision makers will need to
make fast and informed choices about how to respond. A team of
Livermore researchers from the Safety, Security, and Environmental
Protection Directorate has developed a process that guides users to
make the best emergency response decisions involving notification,
identification, characterization, decontamination, and cleanup.

In 1998, at the request of DOE’s Office of Nonproliferation and
National Security, the team developed a biological agent
decontamination plan in the form of a flowchart. It was then used
in a recommendation from the Environmental Protection Agency to
the National Security Council, the President’s principal forum for
considering national security and foreign policy issues. In 2001,
the Livermore team added chemical warfare agents to the plan, now
termed the Chemical and Biological Agent Decision Process.

The process helps users to determine what actions need to be
taken at the outset; if an actual or potential impact to health,
property, or the environment exists; whether or not decontamination
is needed; what steps should be taken and when; and how to verify
that cleanup and remediation are complete so that the area can be
designated as safe to reenter or reuse.

identifies
incident

First responder phase

Complete hazardous Identify and prioritize
material and emergency L contaminated areas and
actions operations

¥

Characterization phase

Perform site scenario risk assessments for potential
impact to human and animal health and to the environment

¥

Decontamination/remediation phase

Address long-term
environmental
and health issues

Determine appropriate
decontamination strategy

Under the process, each of four phases (notification, first
responder, characterization, and decontamination/remediation)
progresses to the next phase as soon as all its issues have been
addressed. The format includes numerous yes/no decision points
and links to more detailed information on specific topics. The
decision process takes into account different environments, such as
an outdoor site, and considers individuals in the general population
who may be at higher risk for illness and injury.

According Ellen Raber, head of Livermore’s Environmental
Protection Department, the biological agent decontamination plan
addresses a need by several federal agencies for an up-to-date
summary of information necessary to evaluate acceptable
decontamination levels and procedures. The goal of the plan is to
help minimize the number of deaths and illnesses, damage to the
natural and built environment, and the extent of economic damage
(for example, crop or livestock damage) resulting from a biological
terrorism incident.

In developing the plan, Livermore experts did a thorough
literature search and consulted with colleagues at the U.S. Army,
the U.S. Environmental Protection Agency, and federal health
agencies, including the U.S. Public Health Service. The team noted
that responding to a civilian event involves different priorities than
those for a military setting. For example, during a battle, quick
decontamination is critical so soldiers can continue their mission. In
a domestic urban scenario, however, considerations of public health
and environmental issues are usually more important than immediate
decontamination. Also, the decontamination process may need to be
staged, with cleanup of gross contamination—for example, of
puddles of toxic materials—followed by more localized
decontamination, such as cleaning up materials in cracks.

The flowchart is structured so that cleanup criteria are dependent
upon the decontamination site. Much stricter criteria are necessary
for indoor settings such as offices or homes than for outdoor
scenarios where wind, sunlight, temperature, and rain may
effectively decontaminate biological agents, toxins, and chemical
warfare agents.

Raber says the decision process must include answering the
question, “How clean is clean enough?” In this respect, it is more
difficult to establish target cleanup levels for biological agents than
for chemical agents, in large part because of public acceptance and
perception issues. She notes that the public may demand zero living
organisms after decontamination, but achieving such a level may not
be practical or necessary. In the case of anthrax, for instance, it takes
about 6,000 inhaled anthrax spores to cause respiratory anthrax.
Furthermore, some biological agents such as anthrax are already
indigenous to many farming communities and exist without incident.
“Zero concentration of a biological agent and zero risk, in many
cases, are clearly not a necessity,” she says.

Raber also points out that it is possible to do a poor job of
decontamination and to make it look good by doing a poor job of
sampling and analysis. “In the end, decontamination must be
defensible to regulatory agencies and to the public.”

Lawrence Livermore National Laboratory
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room. L-Gel reduced the number of
spores by about five orders of magnitude
and, in these experiments, did not
damage office surfaces, with the
exception of bleaching some rust on
ceiling supports.

L-Gel was also independently tested
on real chemical warfare agents at four
locations from October 1998 to October
2000. The tests were conducted at the
Military Institute of Protection, Brno,
Czech Republic; Edgewood Chemical
and Biological Forensic Analytical
Center, Maryland; the Defense Evaluation
and Research Agency, United Kingdom;
and the Soldier Biological and Chemical
Command at Dugway. Field tests
showed that L-Gel was a more effective
decontaminant of real VX, GD (nerve
agent), and sulfur mustard than the
current military standard, calcium
hypochlorite, on such materials as acrylic-
painted metal, polyurethane-coated oak
flooring, and indoor—outdoor carpet.

Two of the field trials also
demonstrated that the L-Gel 200
formulation has improved penetration and
thus promotes solution and oxidation in
thickened chemical agents. L-Gel 200
was tested on real chemical warfare
agents such as thickened distilled mustard
and thickened soman (persistent nerve
agent) as part of the Restoration of
Operations series of experiments at
Dugway Proving Ground. The agents
were applied on steel test panels, Air
Force air-ground equipment paint, and
Navy shipboard coating.

3 !::
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A second test at the Dugway Proving Ground
in Utah tested L-Gel in a mock office setting.

Meets Safety Standards

With L-Gel’s excellent performance
demonstrated in both laboratory and
field trials, it was time to partner with
one or more commercial firms that
could manufacture the material quickly
and efficiently. Fortunately, says Raber,
“L-Gel is simple to manufacture. It’s
comparable to mixing paint.” L-Gel is
relatively noncorrosive (its pH is about
4, similar to that of vinegar or lemon
juice), and Environmental Protection
Agency testing shows its residual
materials to be nonhazardous. It
also meets the Department of
Transportation’s nonhazardous and
noncorrosive requirements and is stable
during shipping.

L-Gel is premixed and then shipped
and stored as a semisolid resembling
Jello at room temperature. If unopened,
its shelf life is expected to exceed
a year. It is reliquefied to the
consistency of house paint by vigorous
shaking by hand or a power stirrer.

It can be applied with any type of
commercially available spray

device, whether airless or compressed-
air units, with any stainless-steel
atomizing nozzle.

Although L-Gel clings to walls and
ceilings, it does not harm most painted
surfaces or carpets. Decontamination

L-Gel

takes about 30 minutes. When dry (in
about 1 to 6 hours), the gel residue,
unreacted oxidizer, and decontaminated
chemical or biological agents can
simply be vacuumed up and discarded
as nonhazardous waste. For outdoor
use, no cleanup is required.

Raber says L-Gel compares
favorably to other decontamination
methods that have been used recently
to kill anthrax spores. The tried-and-
true method is a bleach solution.
However, bleach is extremely corrosive
to metal surfaces and must be used
with care by cleaning crews.

A foam developed at Sandia
National Laboratories in New Mexico
has also been effective for
decontaminating chemical and
biological agents. This material is
sprayed on surfaces like a firefighting
foam. Most of the foam dissipates, and
the residual material is then washed
off. It has been used to clean offices of
Congress and at ABC News. Raber
suggests that L-Gel and the Sandia
foam could work in tandem, with L-
Gel sprayed on walls and ceilings and
the Sandia foam applied to large pieces
of equipment and floors.

Chlorine dioxide, used to
decontaminate U.S. Senate offices, is a
gas that kills bacteria but also is

L-Gel is shipped premixed as a semisolid. It is reliquefied to a house-paint consistency by
vigorously shaking it by hand or using a power stirrer.

Lawrence Livermore National Laboratory
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hazardous to human health and thus
must be applied by trained personnel.
Afterward, its vapors must be sucked
out of rooms and then filtered through
an ascorbic acid bath to decompose it.
Raber notes that gases and aerosols have
clear advantages for decontaminating
ventilation systems and hidden spores,
and research needs to continue to find an
environmentally safe gas or aerosol that
is effective for these applications.

Irradiation, popular in Europe, kills
bacteria and spores and is effective in
decontaminating mail, food, and other
objects. However, the method requires
large machines, which are essentially
small accelerators, and is not currently
viable for large-scale room
decontamination.

In the News

News about L-Gel has spread rapidly,
and Raber has been interviewed by
several newspapers, television stations,
and National Public Radio. She has also
received a large number of inquiries
from emergency response groups across
the country interested in additional
information and samples.

The developmental work for
L-Gel 115 is complete, and Raber’s
team has begun to develop a new
formulation to decontaminate ventilation
systems. “Right now, we don’t have an

S&TR March 2002

Livermore chemist Mark Hoffman uses a household paint sprayer to apply L-Gel to a test panel.

easy way to decontaminate air ducts,”
she says. The team is working on an
encapsulation method to aerosolize
L-Gel (make it into tiny droplets) so that
it could be blown into ventilation
systems.

In the meantime, licensing of L-Gel
manufacture is well under way, and
Raber is hopeful that major organizations
will soon have an important yet nontoxic
new weapon to counter any biological or
chemical attack.

—Arnie Heller

Lawrence Livermore National Laboratory

Key Words: anthrax, biological warfare,
Chemical and Biological Agent Decision
Process, chemical warfare,
decontamination, L-Gel,
peroxymonosulfate.

For further information, contact
Ellen Raber (925) 422-3985
(raber1@Ilinl.gov).



Research Highlights

Photothermal Microscopy

Faster Inspection of Laser Coatings

LASERS have been a Lawrence Livermore specialty almost
since the first laser flashed in 1960. Dealing with the
challenges that arise as these lasers get bigger and more
powerful is, of necessity, a specialty too.

The process of creating an intense laser beam requires that
the beam traverse many pieces of optical glass. Oftentimes,
the glass requires highly reflective mirror coatings so that the
laser’s energy is not lost as it passes through. But during the
coating process, miniscule defects—called nodules—
inevitably occur. As lasers get larger, they require larger
pieces of glass, and more defects occur. On a laser mirror a
half-meter across, there may be as many as a million defects.
While more than 99.99 percent of defects have no influence
on optical performance, a few of the defects will limit the
laser fluence (a measure of the energy passing through) that
the mirror will survive; finding those few among a million is
like trying to find the proverbial needle in a haystack.

In the mid-1990s, Livermore began to explore the best
means for locating coating defects. Optical microscopy and
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Defects absorb light from the pump laser and cause a surface bump to
form. The probe laser detects the bump, and the photodetector records
changes in the probe’s optical diffraction caused by the deformation.
The resulting signal indicates the amount of optical thermal absorption
at the specified wavelength.

atomic force microscopy can reveal nodules but cannot
distinguish the thermal defects in thin films that arise during
the coating process. Engineer Chris Stolz and others at
Livermore began working with scientists at Eastern Michigan
University who were experts in photothermal microscopy, an
imaging technique that can locate and characterize both
nodules and thermal defects in laser mirror coatings.

Finding the Needle

In photothermal microscopy, a pump laser set at a specific
wavelength heats a surface. Surface and subsurface defects
that absorb the light at that wavelength cause a bump to form
on the surface, as shown in the figure below. A second laser
beam, known as the probe laser, detects the change in the
surface, and a photodetector records changes in the probe’s
optical diffraction caused by the bump, or deformation. The
pump beam is “chopped,” or interrupted periodically. The
photodetector locks into the chopping frequency, and the
resulting photothermal signal is an indicator of how much
heat at the specified wavelength was absorbed.

The benefit of photothermal microscopy was made clear in
its earliest tests, which examined a 9-millimeter by
9-millimeter area of coating. One defect, which had the
highest photothermal signal, was not visible optically. Later,
during laser damage testing, the defects with the highest
photothermal signal proved to have the lowest damage
threshold. (The damage threshold is the laser energy level that
the material is designed to endure but beyond which damage
will likely occur.) A high-energy laser needs glass with the
highest possible damage threshold.

Studying various kinds of defects in glass coatings allowed
the researchers to zero in on the few that reduce the damage
threshold. Photothermal microscopy images also validated the
use of laser conditioning—treatment of defects with a laser—
as a way to reduce the absorption of defect fluences, as shown
in the top figure on p. 18.

From Scanning to Imaging

The photothermal microscopy system worked well but,
because it used a raster-scanning technique, was extremely
slow. The results of raster scanning are what you see when the
graphics on a Web site or other computer graphics gradually
improve line by line or 