A palaeozoic species, the sword-tailed horseshoe crab, Limulus polyphemus,
developed its own defence against the bacteria surrounding it. This defence
system, under the name Limulus test, now provides medicine and hygiene
with a valuable means of detecting bacterial endotoxins at levels as low

as 10714 gram per ml.
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Introduction

The 3,400-million-year-old Clostridium-like microfossils discovered in South
African deposits may have been among the first manifestations of life as we
define it to emerge on planet Earth, Ever since their appearance, these pro-
caryotes have been versatile and ubiquitous and throughout evolutionary
history they have been indispensable and potentially dangerous and lethal to
all subsequent higher forms of life. They have invaded and colonized every
conceivable ecological niche on terra firma since the emergence of Pangaea,
and at the dawn of the palaeozoic era, approximately 600 million years ago,
the shallow waters of Panthalassa and the Tethys Sea were a dilute soup of
procaryotes with a significant weft of Gram-negative bacteria—just as in the
coastal waters of present-day oceans.

One marine species living in those palacozoic waters, the sword-tailed
horseshoe ‘crab’, Limulus polyphemus, took measures to protect itself from the
dangers posed by those surrounding bacteria by developing a very sensitive
and specific defence against the toxic material contained in the bacteria, a
lipopolysaccharide known as endotoxin. Today, following the work of Bang
in 1956, this defence—under the name of the Limulus test—provides the
basis for the most sensitive biological iz vitro assay known for the detection
of endotoxin. Concentrations of endotoxin at the sub-nanogram level may be
routinely detected in fluids in less than an hour. In spite of worldwide efforts,
the exact molecular mode of action of the Limulus test still remains a
palaeozoic puzzle in cenozoic science.

Horseshoe crab habitats identified

The horseshoe crab (Xiphosura) constitutes a class or subclass of chelicerate
arthropods with close affinities to the scropionomorphs. The earliest known
fossil representative—FEolimulus—is probably of Cambrian age. The major
evolutionary trends and diversifications leading up to the four extant species
of horseshoe crabs are shown in Figure 1.

It is believed that the major concentration of horseshoe crabs during the
mesozoic era was to be found in European waters, and that at about the dawn
of the cenozoic era, some 65 million years ago, they dispersed, some moving
west, the rest migrating eastwards. Lorus and Margery Milne write in their
delightful little book The Crab that Crawled out of the Past: “The west coast
of America has no horseshoe crabs. Nor have any shores of South America,
Africa, Europe or Australia’; and most involved scientists—except perhaps
the author—agree that horseshoe crabs are no longer naturally occurring
along these coastlines. In December and January I undertook an underwater
expedition to the depths of the Adantic Ocean off the western coast of
Africa in search of a possibily overlooked horseshoe crab niche.

The two regions in the world where horseshoe crabs may be found with
certainty are, first, the east coast of North America from Nova Scotia to the
Florida Keys and around the rim of the Mexican Gulf as far south as the
Yucatan peninsula, and, second, the waters of South-East Asia. The first
region is inhabited by one species, Limulus polyphemus, the American horse-
shoe crab, the second by three different species: (a) Tachypleus gigas, along
the coastline of the Bay of Bengal, in Thailand, Indonesia, Malaysia, the
Philippines and the northern part of Borneo, and possibly the Torres Strait
between New Guinea and Australia; (b) Tachypleus tridentatus, also known
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F1G. 1. Evolutionary pathways leading to extant species of horseshoe crabs.

as the Chinese King-crab, on the northern shores of Borneo and Viet Nam,
China, southern Japan and the Philippines; and (c) Carcinoscorpius rotundi-
cauda, locally known as the Estuarine King-crab, on the east coast of India
and possibly on both sides of the Malay peninsula, as far as the Gulf of Siam,
the Philippines, North Borneo and the Moluccas.

Some ecological information

Photographs of Xiphosura appear in Plates 3 and 4. The mature, full-grown
females of all species are considerably larger than the mature males; a female
T. tridentatus from the Raffles Museum is reported to be 745 mm in length.
Eggs, larvae, young and adults of all species are remarkably hardy and can be
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shipped alive for long distances. The adults can survive for weeks out of
water, even without food, provided that their gill-books are kept slightly
moist.

All horseshoe crabs lay eggs in the muddy sand between the high and low
tide lines of a major tide. The eggs of Limulus polyphemus, the most-studied
species, hatch in two to five weeks and the larval crab leaves the beach at high
tide, usually remaining in shallow water and feeding on tiny organisms that
live in the ooze that covers the surface of the mud flats. The young moult up
to six times during the first year and only once a year thereafter. With each
moult the growing crab increases its linear dimensions by about 25 per cent.
Shells of young crabs are fragile and transparent, gradually becoming darker
and heavier with successive molts. This fragility exposes the young crabs to
the predations of the larger shorebirds.?

Endotoxin immobilized by gel

Many questions have been asked about this ‘living fossil’ and some of the
answers have been of great scientific importance. A great deal of our present
knowledge of basic physiological mechanisms in vision has been obtained
by studying the electrical responses from the visual organs of Limulus
polyphemus. It was one such question, originally formulated by Dr F. B. Bang
in 1956, that subsequently led to the Limulus test for the detection of
Gram-negative bacterial endotoxins.?

The amebocyte, an elliptical cell measuring about 12 by 18 y, is the only
type of circulating cell in the haemocyanin-blue blood, or haemolymph, of
Limulus polyphemus. The cell has a nucleus and cytoplasm which is densely
packed with large refractile granules containing all factors that eventually
contribute to the unique blood-clotting system in Limulus.

When stimulated #z vivo or in vitro by minute quantities of endotoxins
(in either a free, dispersed state or a form associated with intact cell-walls of
Gram-negative bacteria), these amebocytes aggregate together very quickly
while their shapes change and long strands develop between them. These
aggregated amebocytes then degranulate or ‘lyse’, expelling not only the
clottable protein (coagulogen) but all other factors required to form the
ensuing gel or clot, which quickly immobilizes and engulfs the endotoxins.
Endotoxin is unable to enter an intact amebocyte and cell-free haemolymph
does not clot, nor is its presence required for coagulation.

Process still obscure

The cellular process of amebocyte degranulation is still obscure but we are
gradually piecing together a tentative picture of the endotoxin-activated
coagulation reaction. First, a pro-coagulant enzyme is activated by the
endotoxin. This enzyme then acts on the clottable protein (coagulogen)
resulting in limited proteolysis. Polymerization then occurs and a gel is
formed, composed of long fibrils which are apparently cross-linked. The
coagulogen of all xiphosurid species has approximately the same molecular
weight, namely between 23,000 and 27,000. This intracellularly derived
coagulation system, which has been of vital importance for Limulus for
hundreds of millions of years, has during the last ten to fifteen years developed
into a very important scientific and clinical tool, thanks to the pioneering
work of Levin and Bang. Although other marine invertebrates contain blood



cells reactive to Gram-negative bacterium endotoxin, the horseshoe crabs
will probably remain unique by containing up to 300 ml of easily accessible
haemolymph.?

A number of Japanese scientists have prepared amebocyte lysates, par-
ticularly from T. tridentatus, and have demonstrated that these lysates are
applicable to the detection of endotoxin on the same quantitative level as
lysates from Limulus.* It is clear, however, that on cellular and subcellular
levels the three South-East Asian species differ from Limulus polyphemus
and that the phylogenetic separation must have occurred many millions of
years ago. The haemolymph of Tachypleus, for instance, contains two types
of amebocytes, each containing three kinds of granules, while the haemolymph
of Limulus contains one type of cell with homogeneous granules.® Much is
expected from the further elucidation of this and other phylogenetic differ-
ences between the species.

Endotoxins defend bacteria

Endotoxins are found in Gram-negative bacteria as macromolecules composed
of polysaccharide, lipids and smaller peptides (lipopolysaccharide, LPS).
They are part of the outer membrane of these bacteria and not only assist in
selective transport of matter into the cell but also participate in its defence.
A substantial part of the 10" living bacteria we house in our gastro-intestinal
tract is Gram-negative, including the species Escherichia coli, Klebsiella
aerogenes and Proteus mirabilis.

A single bacterium contains approximately 107! g endotoxin (or I per
cent of the bacterium’s own weight), and the endotoxins may either be
encountered in a free, dispersed state or may be liberated into the sur-
rounding medium following death or lysis of the cell.® Endotoxins are
remarkably resistant to most generally applied detergents and they are
extraordinarily heat-resistant (heating at 170 °C for a period of six hours is
required to inactivate them).

Normally we live in a mutually beneficial and vital symbiosis with our
Gram-negative bacterial flora. This healthy balance is controlled mainly by
liver-regulated mechanisms like detoxification, conjugation and clearance of
the blood, all measures which prevent absorption of bacteria and endotoxins
from the gastro-intestinal tract into the venous system. In addition, a certain
tolerance phenomenon to endotoxin will keep our surveillance systems alert
to the escape of lipopolysaccharides into the bloodstream.

When, for one reason or another, these various defence mechanisms are
compromised, invading endotoxins may cause a number of often interrelated
physiological and pathological effects in the mammalian host, for example,
on the temperature-regulation in the brain, on the different cell populations
in the blood, on the hormonal systems, on the metabolic system and on the
immunological surveillance systems, which may ultimately lead to dissemi-
nated intravascular coagulation, hypotension, circulatory collapse and some-
times death.

Man sensitive to endotoxin

For many years the extreme sensitivity of man to the pyrogenic properties of
endotoxins has been recognized as the classic effect of LPS. Other effects
include alterations of the haemopoietic system, changes in the coagulation
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and fibrinolytic mechanisms, increased reactivity to epinephrine, placental
injury with foetal wastage or premature delivery, alterations in activity of the
reticulo-endothelial system and changes in metabolism. When this has been
said, however, it must be stressed that endotoxins are not exclusively foes
but also certainly friends of the human and other mammalian families. Small
amounts of LPS can elicit a beneficial stimulation of our immunological
surveillance, stimulate leucopoiesis in the bone marrow and increase our
non-specific resistance to various pathogens. Increased resistance pertains to
a variety of bacteria, fungi, parasites and viruses. The increased resistance to
viruses is apparently caused by stimulation by endotoxin of the interferon
production, probably mediated by that part of the LPS molecule designated
Lipid A. Endotoxins may also induce necrosis and regression of malignant
tumours.’

When mentioning small doses in relation to endotoxins, it should be
emphasized that as little as 2 nanograms of endotoxin per kilogram of body
weight administered intravenously in a healthy adult human being may
provoke an increase in body temperature of 1.9 °C. Typical reactions to such
small doses of LPS also include granulocytosis, chills, headache, rigor, muscle
pain, loathing of food, nausea and vomiting,

Limulus test detects endotoxin

Many assays have been employed in the past to detect endotoxin. Production
of fever in rabbits has been-—and is still—the most widely used diagnostic

C D E

F1G. 2. Production of Limulus amebocyte lysate: (a) whole blood
(haemocyanin-blue haemolymph and granula-dense (red) amebocytes)

is withdrawn directly from the crab and centrifuged in centrifuge tubes,

at low speed in order to prevent premature disruption of the extremely
fragile cells; (b) the intact amebocytes have been sedimented, and the celi-free
haemolymph is decanted and deep-frozen for later use in other connections.
The lump of amebocytes is then homogenized mechanically; (c) the homogenate
is transferred to centrifuge tubes and diluted with water (usually 1:3);

(d) following centrifugation at high speed, the cell debris has been sedimented
and the clotting factors, liberated from the disrupted amebocytes, float

in the supernatant; (e) finally the supernatant (Limulus amebocyte lysate)

is transferred to vials ready for use.
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PLATE 2. Azolla, the aquatic fern that houses the
nitrogen-fixing alga Anabaena azollae. This association plays
a significant role in the nitrogen economy of wetland rice
production.
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PLATES 3 and 4. Horseshoe crabs (Xiphosura).
Photos: Tom Mikkelsen




aid, but the Limulus test shows great promise as a replacement for this
rabbit-pyrogen assay. Death or mobidity in other living creatures has been
used to assess the biological effects of endotoxin. Death in bird embryos,
production of abortion, production of skin inflammation and damage to
rodent sarcomas have all been used as end-points in these various assays of
the biological activity of endotoxin. However, all these assays that are depen-
dent on living animals or living parts of animals are fraught with difficulties
and inaccuracies.?

Today the Limulus test is generally accepted as the most sensitive,
currently available in vitro assay for endotoxin. The production of lysates
from horseshoe crab amebocytes may be a little difficult due to the strict
demand for pyrogen-free utensils and handling during the production
(Fig. 2). But the test itself is simple and relatively easy to learn and apart
from the persistent demand for pyrogen-free handling it needs no sophis-
ticated equipment (Fig. 3). The end-point is the gelation of the clear,
colourless liquid lysate. The endotoxin positive test is very easy to define and
detect and is reproducible. The Limulus lysate is stable at room temperature

o " ;-/_,_.u A B

F1G. 3. Diagnostic application of Limulus lysate. The laboratory receives one

or more samples of tissue fluid from an infected patient: x (urine),

y (cerebrospinal fluid) or z (blood). Samples may also be synovial fluid,
amniotic fluid, ascites fluid, vaccines, milk, water, etc. (a) 0.1 ml of the test
sample is added to o.1 ml of Limulus lysate, and the mixture is stirred
mechanically; (b) the test tube is incubated at 37 °C for four hours and inverted;
(c) if the mixture is unchanged (clear and waterish and runs down the wall

of the test tube), the sample is not infected or contaminated with Gram-negative
bacteria and/or cell-wall endotoxins; (d) if a firm, opaque clot has been formed
which sticks to the bottom of the test tube when inverted, the sample is
infected or contaminated with Gram-negative bacteria and/or endotoxins.

The Limulus test is of greatest importance in cases where living bacterial cells
are absent and free endotoxins, which cannot be stained and ‘caught’ in a normal
microscope, are the culprits. More sophisticated methods measure the exact
quantity of endotoxin.
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for several weeks and at —20 °C it can be stored for years with no decrease
in sensitivity. The Limulus test system can detect as little as 1072 g endo-
toxin in a sample as small as 0.1 ml.

Limulus test sensitive in medical applications

Since its introduction the Limulus test has been used successfully for the
detection and measurement of LPS in a variety of scientific disciplines. For
example, it has been used to examine blood from patients suspected of
Gram-negative sepsis and to study experimental endotoxemia and shock in
laboratory animals. Applying it to determination of endotoxins in cerebro-
spinal fluid (CSF), the Limulus test was positive in initial specimens of CSF
from all eighty-six patients with Gram-negative meningitis, and uniformly
negative with the remaining 146 patients with a variety of infectious and
non-infectious conditions.® Endotoxin concentrations in initial specimens
of CSF from patients with Gram-negative bacterial meningitis ranged
from 4 to 2,000 ng/ml. In a comparative evaluation of the Limulus test and
the direct Gram stain for detection of significant bacteriuria, the Limulus test
was both more sensitive and specific than the Gram-stain procedure and
much less susceptible to errors of interpretation than methods involving
microscopy.'?

The assay showed the presence of bacteriphages and endotoxin in four live
virus vaccines (poliomyelitis, measles, mumps and rubella) and in com-
mercially prepared calf sera. The equivalent of 1,000 ng endotoxin/ml was
found in some of the vaccines and bovine sera, and the Limulus test was
recommended as a sensitive and specific indicator of pre-existing Gram-
negative bacterial contamination of animal sera or other constituents used in
the cell-culture phase of virus vaccine production.!*

Pharmaceuticals tested

The Limulus test demonstrated its sensitivity in a test of radiopharmaceuticals
that had caused patients to contract aseptic meningitis; all lots of the drugs
proved to be contaminated with endotoxin when tested by the Limulus
assay even though they were pyrogen-negative when tested in rabbits using the
United States Pharmacopeia procedure.’? Quantitative studies have shown
aseptic meningitis to be associated with endotoxin levels of 1-100 ng per
injection of cisternographic drugs.?

Endotoxin is suspect in certain cancer chemotherapeutic agents that have
ahigh incidence of adverse effects. For example, fever, nausea, vomiting and
haematological changes are prominent adverse reactions to L-Asparaginase
therapy that are due in part to endotoxin contamination.! In a recent study
seven out of a total of nine anti-tumour agent preparations examined were
positive in the Limulus test.!* Furthermore, the Limulus test has been
applied to evaluate bacterial contamination in blood processing and to detect
endotoxin in fluids associated with hemodialysis procedures and in human
amniotic fluid.»

Endotoxins found in dairy products

Finally, the Limulus test is gaining rapid recognition within the fields of food
hygiene, occupational medicine and environmental hygiene. In 1980 we used



the test to investigate the occurrence of endotoxin in Danish milk and dairy
products.’” On average, farm milk contains less than 1 ng LPS/ml. Freshly
produced market milk contains an equally low concentration of LPS,
increasing to 5o ng LPS/ml after one week’s storage a 5 °C. Low amounts
of LPS were also found in cheese and butter. Analysis of cheese revealed a
mean concentration of so ng LPS/g. Milk powder contained significantly
higher concentrations of endotoxins, averaging 11,000 ng LPS/g. We were
able to conclude that the Limulus test is a rapid, reliable and valuable
method of ascertaining the hygienic quality of market milk and other dairy
products, determining the accumulation of infection by Gram-negative
bacteria during milk production and processing.

A study of milk samples from New Orleans found endotoxin levels ranging
from 30 to 130 ng per ml.!® A sixteenfold rise in endotoxin content occurred
when milk was maintained at room temperature for twenty-four hours with
concomitant bacterial proliferation, but no rise occurred when the samples
were refrigerated. The study suggested that endotoxin in commercial milk
samples and the increase in endotoxin content when milk is left at room
temperature may be contributory factors to the Sudden Infant Death
Syndrome.

In a study of milk from normal cows and from cows with clinical mastitis,
the Limulus test proved to be highly specific and sensitive in detecting of
endotoxins; this suggests that the test could also be used to monitor the
effectiveness of antibiotic treatment and perhaps 2id the clinician in the
prognosis of coliform mastitis of cows.!®

Inhaling microbially contaminated aerosols found harmful

The recognition of pulmonary injury, fever, coughing and general malaise
resulting from the inhalation of microbially contaminated dusts and aerosols
is growing. Foremost among the microbial contaminants of organic dusts and
aerosols associated with these symptoms are Gram-negative bacteria and
endotoxins.

Earlier reports about mill fever, hemp fever, Bible printer’s fever and
Befeuchterungsanlage Fieber demonstrate that Gram-negative bacteria and
endotoxins (or pyrogens) have been associated with occupational medicine as
far back as 1784. More recent studies show that the diseases ascribed to the
inhalation of microbially contaminated vegetable dusts in the textils industry
often appear in small epidemics, the main symptoms being attacks of fever,
coughing, dyspnoea, headache, nausea, diffuse aches and general malaise,
symptoms strikingly similar to the effects of endotoxin.?

Acrosols containing endotoxin at levels occurring spontaneously in the
environment can cause the same pulmonary dysfunction as large lethal
doses of endotoxin given intravenously.?t Tests have shown that workers
exposed to waste water at sewage treatment plants in Sweden experience
endotoxin levels above 100 pug/day—a dose which is above that required to
produce medical symptoms. Even treated waste water sometimes used for
irrigation or cleaning purposes contains around § pg/ml. If a quantity of this
equivalent to 1 ml were to be inhaled for a few hours, the endotoxin dose
required to produce fever would be exceeded by at least five times.22

Metal-working fluids normally contain from 1 million to 60 million
microbes per m! under industrial conditions, and counts as high as 700 million
per ml have been observed.?* The most important organisms capable of
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growing in industrial oil emulsions, both mineral-oil and synthetic lubricants,
are Gram-negative bacterial species. Metal-cutting operations often result in
the production of a stable mist, and this aerosol can spread contamination
on walls, floors, equipment and in the human operators. My preliminary
examination of fourteen different industrial oil types frequently revealed
endotoxin concentrations above 100 pg/ml, clearly indicating the health
hazards of oil droplets that act as carriers for a wide range of bacteria and
lipopolysaccharide.

Horseshoe crab population endangered

Seeing how important the xiphosurid amebocytes are to biomedical research,
we must increase our knowledge of the four species of this marine animal to
ensure the wise management of this valuable natural resource. In recent years
there has been a substantial harvest of horseshoe crabs for the production of
amebocyte lysates. To underscore the potential problem of depletion, the
United States Federal Register established rules in 1978 requesting manu-
facturers of Limulus lysate to guarantee that the production of lysates will not
have adverse effects on the existing horseshoe crab population and that these
crabs will be returned alive to their natural environment after a single
collection of their blood. When the Japanese horseshoe crab was reported to
be an endangered species and seemingly on its way to extinction due to
reclamation and contamination, Japan established the Association for the
Preservation of Horseshoe Crabs.2*

Laboratory cultivation

One way to circumvent the depletion of horseshoe crabs is the cultivation of
amebocytes in the laboratory. This would not only render unnecessary the
collection and bleeding of the animals, but possibly also lead to standardized
production with reduced batch variability and seasonal variability of the
lysates. Attempts have been made to isolate active Limulus amebocyte lysates
from cells, but these have so far given only slight positive results in the
presence of 1000 ng of endotoxin.?* Another way to protect the animals is to
rear them by aquaculture. Israeli tests show this to be a feasible operation.?®

The horseshoe crab can also serve as a blood donor. Of a large number of
horseshoe crabs caught in the Gulf of Mexico and bled for about one-fifth of
their total blood volume, only seven died on being returned to the water,
apparently as a consequence of the bleeding. Lysates produced in this way
were excellent.?”

Because we need a much more accurate picture of the actual numbers and
the geographical distribution of all horseshoe crab species than we have at
present, we are currently planning extensive underwater expeditions to the
Gulf of Mexico, the north-east coast of South America and the coastlines of
South-East Asia. It would be tragic, indeed, if the scientist, of all people,
should become responsible for the extinction of one of the oldest extant
inhabitants of planet Earth. [ |



Mini-glossary

Chelicerate: having appendages at the mouth for chewing and grasping (like a
spides).

Cisternographic: used in radiological examination of the cerebral cavity.

Clostridium: a genus of bacteria.

Gram-negative: a strain (of bacteria) which do not take gram stain. Staining is
caused by the presence of a nucleo-protein.

Leucopoiesis: production of leucocytes.

Necrosis: changes in a tissue due to local death of cells.

Protocaryote: a single-cell organism lacking a nucleus.

Pyrogenic: fever-producing.

Reticulo-endothelial system: cells found in the bone marrow, spleen, liver, etc.
that remove bacteria and other materials from the blood.

Sepsis: contamination by bacteria.
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