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Abstract 

The current global demand for endotoxin testing is projected to double by 2024. In light of the serious 
decline of the Asian horseshoe crab species, and regulated harvesting restrictions on the American 
horseshoe crab, it is unlikely that Limulus and Tachypleus Amebocyte Lysate (LAL/TAL) reagents alone 
can meet the markets’ demand. Validated animal-free endotoxin tests are available, such as assays based 
on recombinant horseshoe crab Factor C (rFC). While data on their efficacy and reliability is available, 
the pharmaceutical industry and regulatory authorities have only started to implement and make routine 
use of rFC assays in the past 5 years. Although the pharmaceutical, medical device industries and 
healthcare facilities’ reliance on the horseshoe crab for endotoxin testing does not pose the greatest threat 
to the species’ survival, they are the only user groups with the power to transcend geographic boundaries, 
government malaise, linguistics, social, cultural and corporate indifference. For these industries have the 
ability through supply chain management, to augment their endotoxin test requirements with rFC assays 
and in doing so, put an end to the use of TAL, and reduce the harvesting pressure on LAL production. 
In this paper we discuss the status and threats posed to the world’s four extant horseshoe crab species. 
Furthermore, we review the state of the global endotoxin test market, the characteristics and 
misconceptions surrounding the use of the animal-free endotoxin test rFC and the role the pharmaceutical, 
medical device industries and healthcare facilities can play in the survival of the world’s four horseshoe 
crab species. 
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Introduction and History of Bacterial Endotoxin Testing 

The human immune system is able to fend off a variety of organisms potentially harmful to the body. 
Even its comparably primordial innate immune system can detect a number of microbe- or pathogen-
associated molecular patterns (MAMPs/PAMPs) without prior exposure and may initiate an appropriate 
immune response, including the recruitment of the adaptive immune system (Mogensen 2009). Among 
these MAMPs, bacterial endotoxin, a major constituent of the outer membrane of Gram-negative bacteria, 
acts as one of the most potent immunological stimulants (Raetz and Whitfield 2002). Even minute 
amounts can cause a wide spectrum of immune reactions ranging from fever – leading to the 
categorization of endotoxin as “pyrogen” (fever-inducing substance) – to organ dysfunction and septic 
shock, if they enter the blood circulation (Wolff 1973). Due to the severe physiological reactions to this 
potential contaminant and the abundance of Gram-negative bacteria (Gorbet and Sefton 2005), 
parenterally administered pharmaceuticals, i.e. ones injected into the body, and medical devices exposed 
to the blood circulation are required to be tested for endotoxin (United States Pharmacopeia USP 2016a, 
European Pharmacopoeia Ph.Eur. 2016a, Japanese Pharmacopoeia JP 2016). Only concentrations 
considered harmless are permitted, most commonly 5 endotoxin units (EU) per kilogram bodyweight 
(USP 2016a, Ph.Eur. 2016a, JP 2016). 

The first authorized method to test for endotoxin and, indistinctively, other pyrogens, was the Rabbit 
Pyrogen Test (RPT), established in the 1920s (Seibert 1923) and introduced into the United States 
Pharmacopeia in 1942 (USP 1942). As part of this procedure, a pharmaceutical product under 
investigation is injected into the ear veins of several rabbits. If the product contains elevated levels of 
endotoxin, the rabbits display a body temperature increase beyond a pre-defined threshold. Consequently, 
said product will be rejected and disposed. However, this method is only qualitative, as the exact pyrogen 
concentration remains unknown. 

In the 1950s, Frederik Bang and Jack Levin found that the hemolymph of Limulus polyphemus clotted 
upon exposure to components of Gram-negative bacteria, later revealed as endotoxin (Bang 1953, Levin 
1964). Specifically, the horseshoe crab’s immune cells, called amebocytes, secreted coagulating agents. 
This discovery was decisive for the development of the Limulus amebocyte lysate (LAL) bacterial 
endotoxin test (BET). In the mid-1970s, horseshoe crabs began to be harvested for their hemolymph used 
in the production of LAL. Within a few years, this animal extract came into global use by the 
pharmaceutical and medical device industries to test for the presence of bacterial endotoxins in parenteral 
drugs and implantable medical devices for both humans and animals. The LAL test proved to be a 
simpler, more reliable, more specific, cheaper, quantitative and more humane alternative to the RPT it 
replaced (Cooper et al. 1971). By the late 1970s, the Asian Tachypleus species began to be harvested for 
same purpose, the production of equivalent Tachypleus amebocyte lysate (TAL) (Xiamen Bioendo 
Technology 2019). 

In parallel to the spreading use of LAL/TAL, recombinant deoxyribonucleic acid (DNA) technology 
emerged, i.e. the creation of DNA sequences not found in nature (Cohen 1973, Hughes 2001, Cohen 
2013). This allowed the deliberate transfer of genes between organisms and their expression into proteins 
in easily cultivated organisms of choice, such as bacteria, yeast or animal cells (Brondyk 2009). Thus, a 
wide range of biological products began to be manufactured, starting with insulin (Goeddel et al. 1979) 
and expanding to many different proteins and other biomolecules.  

While said biomolecules could be processed into products such as pharmaceuticals, recombinant DNA 
technology also allowed for their thorough analysis, greatly facilitating research into biochemistry. As 
part of this development, the molecular machinery in LAL/TAL was explored and unraveled in the late 
1980s and early 1990s (Nakamura et al. 1986, Muta et al. 1991, Iwanaga and Lee 2005). Based on this 
knowledge, the endotoxin detector protein of the lysate, Factor C, was successfully synthesized in an 
organism other than horseshoe crabs, namely yeast, insect and mammalian cells (Roopashree et al. 1996, 



1997, Ding and Ho 2003, Ding et al. 1997, Pui et al. 1997). Since this recombinant horseshoe crab 
Factor C (rFC) fulfilled the same function as its native equivalent, it was incorporated into a bacterial 
endotoxin test equivalent to LAL/TAL tests, i.e. the first rFC assay from 2003 (Ding and Ho 2001, 2003, 
2010, Lonza 2018). 

Characteristics of LAL/TAL and rFC tests  

LAL/TAL contains a multitude of proteins produced and secreted by amebocytes. Many of the 
functionally notable ones include so-called zymogens or pro-enzymes. These are proteins that require 
activation before they become enzymatically active. Here, such activity is reflected in the cleavage of 
other proteins at specific sites, i.e. the activation of other zymogens and otherwise functional proteins. 

Upon exposure to endotoxin, the zymogen Factor C changes its structural conformation and excises a part 
of itself. Thus, active Factor C cleaves Factor B which will in turn cut proclotting enzyme, whose active 
form clotting enzyme truncates coagulogen into coagulin. Ultimately, several coagulin molecules 
crosslink each other into a solid network; the hemolymph or lysate coagulates (Fig. 1a). At each step of 
the enzymatic cascade, the reaction is amplified. Consequently, minute amounts of endotoxin can elicit a 
strong response, reflected in the paramount sensitivity of LAL/TAL. On the other hand, the additionally 
present zymogen Factor G can be activated by beta-glucans (Mikami et al. 1982, Roslansky et al. 1991, 
Muta et al. 1995), e.g. from fungi or water filters made of cellulose (Pearson et al. 1984). Factor G 
cleaves proclotting enzyme equivalent to Factor B. Moreover, LAL/TAL has been shown to be reactive to 
substances such as thrombin, thromboplastin, nucleic acids (Elin and Wolff 1973), peptidoglycans and 
exotoxins from Gram-positive bacteria (Wildfeuer et al. 1974, Baek et al. 1985, Brunson and Watson 
1976) and dithiothreitol (DTT; Platica et al. 1978). Accordingly, LAL/TAL can also react in the absence 
of endotoxin. 

In its simplest and most classical format, the so-called gel clot test, LAL/TAL is simply subjected to a 
sample inside of a glass vial. An amount of endotoxin equal to or greater than the lysate’s sensitivity will 
lead to coagulation within one hour at 37°C, visible as turbid solid clot that stays at the bottom of the vial, 
when inverted. In the course of coagulation, turbidity gradually increases, a process that can be measured 
in instruments reading absorbance. The more endotoxin, the quicker the turbidity rises. As samples and 
defined amounts of standard endotoxin can be compared with regard to turbidity development upon 
addition of LAL/TAL, the amount of endotoxin in the samples can be deduced (Urbascheck et al. 1987). 
This quantitative BET is known as turbidimetric LAL/TAL test. To enhance the rise in absorbance, a 
synthetic color-generating substrate of clotting enzyme can be added to LAL/TAL, which is the test 
principle of the so-called chromogenic test (Berzofsky 1994), a second quantitative BET. For convenience 
in handling and measurement as well as for saving lysate and sample, both quantitative test formats are 
usually performed in microtiter plates These are plastic vessels commonly equipped with 96 wells, i.e. 
small separate reaction spaces functionally equivalent to tiny test tubes. 

In contrast to LAL/TAL, rFC assays solely rely on the enzymatic function of Factor C. Instead of Factor 
B, a synthetic fluorescence-generating molecule is processed by rFC after activation by endotoxin 
(Fig. 1b). In correspondence to the chromogenic LAL/TAL test, this rFC reagent is added to samples and 
control standard endotoxin (CSE) inside of microtiter plates. The rise in fluorescence intensity, measured 
by a respective instrument, is proportional to the amount of endotoxin. While the response-amplifying 
enzymes of LAL/TAL are missing, even fluorescence light invisible to the human eye can be measured. 
Therefore, these fluorogenic rFC assays display sensitivity to endotoxin which is comparable to LAL/
TAL tests. Since 2015, the entire line of Factor C, Factor B and proclotting enzyme has been produced 
recombinantly and integrated into a commercially available chromogenic assay (Mizumura et al. 2016). 
All of these rFC-based assays do not react to beta-glucans for lack of Factor G (Bolden 2019). 
Accordingly, they do not show false-positive signals in testing these polysaccharides and potentially other 
LAL-reactive substances (see above), i.e. signals that do not come from endotoxin. 



Comparing BET, i.e. LAL/TAL and rFC tests in different formats (Williams 2007), you will not find that 
“one size fits all”, meaning a perfect combination of robustness, speed, sensitivity, easy handling and low 
price. Gel clot LAL/TAL tests are very simple, low-priced and require only modest equipment, namely for 
dilution and heating. Furthermore, the high amount of lysate compared to sample lends the test rather high 
robustness against interference (Hughes et al. 2015). However, a variety of substances commonly 
interfere with the enzymes in BET (Twohy et al. 1984). The relatively high amount of lysate required for 
gel clot tests, means that more horseshoe crabs need to be bled for a defined number of BET trials. On the 
downside of simplicity, the incubation time needs to be controlled manually and clot identification is not 
perfectly unambiguous, especially since coagulation can be hampered by mechanical shock. Moreover, 
automation of handling and result interpretation is hardly feasible. These aspects appear particularly 
unfavorable considering ever tighter regulations on Data Integrity, i.e. the strive for preventing data 
manipulation to guarantee patient safety (United States Food and Drug Administration FDA 2018). 
Consequently, the gel clot test is primarily used by manufacturers with low budget and long-standing 
products whose change of endotoxin control would ask for considerable efforts. While the gel clot test is 
qualitative or semi-quantitative at best – it returns ranges of endotoxin concentrations (‘between’, ‘greater 
than’, ‘lower than’) – all other test formats yield accurate, numeric values and are accordingly defined as 
quantitative BET procedures.  

Turbidimetric tests are their simplest variants in the sense of only using the lysate with a few stabilizers, 
just as gel clot tests. Hence, they are comparably inexpensive and particularly useful for non-challenging 
samples such as purified water which could account for up to 70% of all bacterial endotoxin testing. Since 
the increase of absorbance from rising turbidity however lags behind color formation in the presence of a 
respective substrate, chromogenic tests tend to be more robust than their turbidimetric counterparts. In 
this regard, rFC assays are comparable to chromogenic LAL/TAL tests, but largely remain unaffected by 
color in samples. 

LAL/TAL is provided in a lyophilized, solid form and a suitable solution is added to reconstitute and 
prepare the reagent for a test. Reconstituted LAL/TAL should be used immediately, as it starts 
coagulating, even if endotoxin is not added. Potentially similar to human blood (Hurley et al. 2015), 
horseshoe crab hemolymph might harbor a low level of inherent endotoxin that causes this phenomenon. 
On the other hand, rFC reagents are supplied in a liquid form and remain inactive for hours after reagent 
preparation for a test, i.e. the mixing of rFC, its fluorogenic substrate and its activity-promoting buffer. 
This flexibility enhances test robustness and facilitates automation, as the reagents can be provided to a 
pipetting machine with less respect for its speed of action. Thus, the rate of errors and manual labor can 
be reduced. 

Each test format from a specific manufacturer shows a unique level of tolerance or susceptibility to 
interference from a range of substances. To elaborate, whereas one BET reagent may yield accurate 
results in testing high amounts of a certain compound which interferes with another reagent, the 
relationship may be inverted in case of analyzing another compound for endotoxin (McCullough et al. 
1992). Likewise, several reagents may systematically return different results from a single sample 
(Kikuchi et al. 2017, 2018). As the amebocyte extracts and rFC preparations are not expected to show 
tremendous quality differences between manufacturers – the former come from large pools of horseshoe 
crabs alike and the latter are structurally highly similar proteins independent from the species donating the 
Factor C gene –, most of these peculiarities might be associated with the choice of stabilizers for both the 
enzymatic reagents and the co-supplied control standard endotoxin (Parenteral Drug Association 2019). 

Regulation of Bacterial Endotoxin Tests 

Ever since its first commercialization in 2003, rFC has faced an uphill battle to gain the regulatory and 
customer acceptance of LAL/TAL, independent from manufacturer and test format. When LAL emerged 
as alternative reagent for bacterial endotoxin testing, the advantages over the rabbit pyrogen test (RPT) 
were obvious (Federal Register 1977). LAL was specific to the predominantly found pyrogen endotoxin 
and, as only revealed later, beta-glucans. In this respect, the LAL test was more sensitive (van Noordwijk 



et al. 1976, Wachtel et al. 1977, Mascoli et al. 1979) and, after the introduction of endotoxin standards, 
also more quantitative (Rudbach et al. 1976). 

Generally, the LAL test’s convenience was striking, as it could simply be bought from reagent vendors, 
whereas the rabbits most commonly needed to be bred and kept in-house, resulting in considerable 
maintenance expenses. Likewise, the test procedure was shortened from several hours to one, allowing for 
quicker results. Accordingly, LAL tests offered substantial cost savings and the ability to test 
radiopharmaceuticals whose short half-life requires rapid results (Hartung 2015, Liebsch 1995). 
Meanwhile, the influence of biological variability was reduced, as lysate produced from numerous 
horseshoe crabs yielded more reproducible results than the typical RPT which could only involve up to 
eight rabbits. Under these circumstances, the LAL test quickly gained approval by the FDA (Federal 
Register 1973) and adoption as compendial method into USP XX Chapter <85> (USP 1980). The 
European (Ph.Eur.) and Japanese Pharmacopoeias (JP) followed with their harmonized chapters 2.6.14. 
and 4.01 respectively. 

Upon their introduction, rFC assays generally improved on specificity, reproducibility and animal 
protection. rFC is not activated by LAL-active beta-glucans (see section above), providing a more specific 
bacterial endotoxin test. The biological variability was diminished even further (McKenzie et al. 2011), 
since rFC always bears the very same primary structure (amino acid sequence of the protein), is 
synthesized by genetically identical cells, and is purified in a tightly controlled biochemical environment. 
To compare, LAL comes from genetically different populations of horseshoe crabs that may additionally 
be subject to seasonal environmental influences and varying states of health (Jorgensen and Smith 1973). 
Particularly in relationship to different chemical environments as found in the wide spectrum of 
pharmaceutical samples, the enzymatic activity of rFC can thus be reproduced more easily than in case of 
the animal extract LAL. Consequently, preparation procedures established for specific samples can be 
applied more reliably (Microcoat 2019). 

rFC can help to take pressure off the global horseshoe crab populations that are harvested for the 
manufacturing of LAL/TAL. Even if Limulus polyphemus’ mortality due to respective best-practice 
handling is comparably low (ASMF 2018), any horseshoe crab that can avoid bleeding maintains a higher 
chance of survival and reproduction. In a single 30L production run (Fig. 2), the amount of rFC produced 
is equivalent to the bleeding on average of 6,000 horseshoe crabs without the associated collection, 
transportation, bleeding, husbandry and release associated with the production of LAL. 

Whereas environmental protection – and wildlife conservation in particular – have gained momentum in 
the past decades, the manufacturing industry has often only contributed to this trend upon pressure from 
regulatory bodies, the public and governmental incentives. Accordingly, the adoption of rFC for ethical 
reasons has mostly been the effort of dedicated individuals such as Jay Bolden of Eli Lilly, who in 2013 
began leading his company away from traditional TAL/LAL BET and towards the animal-free rFC. In his 
2018 progress report to the United Nations Global Compact (UNGC; Eli Lilly and Company 2018), Eli 
Lilly and Company CEO David A. Ricks indicated that, by 2020, ninety percent of the company’s 
endotoxin test will be conducted via synthetic compounds.  

From its introduction in 2003, it took nine years until the FDA explicitly mentioned rFC assays as 
acceptable reagents for BET, followed by the European Pharmacopoeia in 2016 (FDA 2012, Ph.Eur. 
2016b). The primary validation of the first rFC assay by its manufacturer Lonza (Loverock et al. 2009) 
and the introduction of an rFC assay by the manufacturer Hyglos (now bioMérieux, Grallert et al. 2011), 
had provided rFC users with crucial validation support and the opportunity to switch between reagent 
suppliers. Thus, they certainly helped in driving this first step in gaining regulatory acceptance. 
Nonetheless, rFC assays were officially regulated as alternative BET methods, at least until chapter 
2.6.32. Test for Bacterial Endotoxins using Recombinant Factor C of the European Pharmacopoeia 
becomes effective (EDQM 2019) in 2021 This potentially stimulates the chapter’s adoption into USP and 
JP as well. 



If users currently decide to use an rFC assay for release of pharmaceutical products or medical devices, 
they need to follow a validation adhering to USP Chapter <1225> Validation of Compendial Procedures 
(USP 2016b) according to the FDA (Fig. 3, FDA 2012). Namely, they show that the method is working in 
their laboratory as intended by demonstrating acceptable accuracy, precision, specificity, detection limit, 
quantitation limit, linearity, range and robustness. While specificity is established for each kind of sample 
individually in the test for interfering factors, the other aspects can be analyzed within a week (Williams 
2018). Using comparative data between rFC assay and several LAL tests, e.g. from the manufacturer-
sponsored primary validation of the method (Microcoat 2019), users can even omit repeating the direct 
test comparison that is required by the FDA. Although rFC manufacturers have thus attempted to ease the 
validation, it remains a hurdle that does not apply to users of compendial LAL/TAL; some preparatory 
testing and the test for interfering factors are sufficient for establishing routine LAL/TAL testing. Given 
high financial pressure and regulatory scrutiny, many healthcare companies have therefore kept choosing 
LAL/TAL over rFC. 

In terms of equivalence to LAL/TAL tests, rFC assays face a particular challenge. They share the 
biochemistry of the decisive Factor C, the handling is highly similar to quantitative LAL tests and 
regulatory requirements for routine testing are the same (USP 2016a, Ph.Eur. 2016a, JP 2016). Ultimately, 
even the read-out, namely Endotoxin or International Units (EU/IU), is identical. While these matches 
ease the shift from LAL/TAL to rFC in laboratory practice, they have been exploited by LAL 
manufacturers to compare these reagents’ results and question the validity of rFC (Dubczak 2018), 
especially since users rarely compare different LAL/TAL reagents on samples containing endotoxin.  

As indicated before, each reagent features a unique composition of enzymes, stabilizers, standard 
endotoxin and additional laboratory equipment such as microtiter plates or glass vials. Hence, every BET 
returns individual values, i.e. each LAL/TAL and rFC test yields a specific value (Wachtel et al. 1977, 
Kikuchi et al. 2017, 2018). At least for all LAL/TAL tests independent from the format, they are 
nevertheless assumed to be acceptable approximations to true endotoxin concentrations. In contrast to this 
categorical acceptance, differences of any rFC assay to any LAL/TAL test have been highlighted by a few 
LAL manufacturers and dedicated LAL users as supposedly unacceptable, particularly if an rFC assay 
returned lower values (Bolden et al. 2015, Dubczak 2018). Then again, the latter has also been found vice 
versa (Sorrentino 2011, Kikuchi et al. 2017, 2018, Williams 2019).  

Ideally, equivalence is studied on large multi-center datasets that are robust against outliers. Most notably, 
the Pharmaceuticals and Medical Devices Agency of Japan (PMDA) compared three chromogenic LAL 
tests and three rFC-based assays in an extensive study involving up to five laboratories and purified 
endotoxin samples from 18 different bacterial strains, crude endotoxin preparations from 5 strains and 
6 environmental endotoxin samples (Kikuchi et al. 2017, 2018). They concluded that LAL and rFC 
detected endotoxin in all investigated samples, did not demonstrate any clear principle-specific difference 
and could therefore be considered equivalent (Fig. 4). 

Despite studies from the PMDA (Kikuchi et al. 2017, 2018), pharmaceutical manufacturers (Chen and 
Mozier 2013, Bolden 2019), academic institutions (Sorrentino 2011) and rFC manufacturers (Loverock 
2009) as well as contract research organizations (Microcoat 2019), common criticism of rFC assays has 
focused on an ostensible lack of data proving the equivalence to LAL tests. For comparison, a Baxter 
Travenol study featuring thousands of parallel RPT and LAL tests has been cited (Mascoli et al. 1979, 
Dubczak 2018). Then again, only 37 LAL tests and 4 RPT returned positive results at the time. The study 
indeed indicated that endotoxin was the most prevalent pyrogen and that the absence of endotoxin might 
be equated with the absence of pyrogens. However, the equivalence of both tests with regard to endotoxin 
from different bacterial strains (see PMDA study above) was not studied. Moreover, despite other LAL-
RPT comparison studies (Wachtel et al. 1977), it is unclear, if this data can be extrapolated from gel clot 
to other LAL test formats. Finally, the impartiality of the authors might be questioned, as Baxter Travenol 
manufactured their own LAL and therefore had vital commercial interest in promoting LAL. 



Another argument against rFC has been the FDA license that is granted to each LAL reagent’s 
manufacturing since 1977 (Federal Register 1977). When the first rFC assay was commercialized, the 
manufacturer submitted a request for designation in order to learn about the FDA center responsible for 
granting such premarket approval. Since rFC was synthetically produced, neither an animal product with 
its inherent variability nor intended for diagnosing diseases in humans or animals, the FDA concluded 
that premarket approval was not required (Berzofsky 2004). At this point, it should be noted that the FDA 
license is not a general indicator for the quality of LAL tests and their capability to detect endotoxin; it is 
simply intended to regulate and control the manufacturing process of LAL (Burgenson 2019). Whereas 
rFC manufacturers lack respective FDA oversight, they nonetheless adhere to stringent guidelines such as 
Good Manufacturing Practice (GMP) and International Organization for Standardization (ISO) 
requirements (Burgenson 2019). Accordingly, any change of the reagent impacting assay results must be 
disclosed and rFC users may audit these manufacturers, thus encouraging the adherence to strict quality 
systems. 

Due to their different reagent sources, the manufacturing processes of LAL/TAL and rFC actually differ 
substantially (Jorgensen and Smith 1973, Armstrong et al. 2008). For LAL/TAL, hemolypmh is drawn 
from the hearts of horseshoe crabs, pooled and supplemented with anticoagulant. Via centrifugation, the 
amebocytes are separated from the rest of the hemolymph. Water is added to induce cell bursting (osmotic 
pressure) and thereby release of the enzymes relevant for the reagent. Another centrifugation strips them 
from cell debris and, after addition of stabilizing substances, the enzymes are freeze-dried to yield solid 
and stable LAL/TAL. rFC in contrast, is produced in cells that secrete the enzyme into their growth 
medium and that are subsequently removed using centrifugation or filtration. To purify rFC, the medium 
flows through chromatographic resins that selectively bind rFC or its impurities. Similarly to LAL/TAL, 
stabilizing substances are added to allow for years of shelf lives. On the other hand, freeze-drying 
(lyophilization) is not necessary, as rFC does not display LAL/TAL’s previously mentioned unspecific 
activity in the absence of endotoxin. 

Effects of Horseshoe Crab Harvesting and Habitat Loss 

Distributed along the Atlantic coast of the United States and the Southeast Gulf of Mexico and throughout 
coastal South and Southeast Asia (Fig. 5), each of the world’s four extant horseshoe crab species exhibit 
genetic variation throughout their spawning range and are at risk of local extinction primarily due to 
anthropogenic activities that vary between the countries they inhabit. The primary stressors are loss of 
coastal habitat, both marine and terrestrial, from land reclamation, infrastructure development, coastline 
armoring, erosion, pollution and unsustainable harvesting for bait, human consumption, amebocyte lysate 
production made from the hemolymph of the Limulus and Tachypleus species, by-catch, chitin, fertilizer, 
and traditional Chinese medicine (Smith et al. 2017, Akbar et al. 2018, IUCN 2019). The future survival 
of the four horseshoe crab species will ultimately depend upon the preservation of spawning and nursery 
habitat and overcoming social, cultural and corporate indifference to unsustainable harvesting practices. 
This is a challenging prospect in light of the ever-increasing human density along the same beaches and 
nearshore areas horseshoe crabs rely upon for propagation and growth (Gauvry 2015). 

In the US, from the late 1800s to the early 1900s the American horseshoe crab were harvested 
unsustainably for fertilizer and livestock feed, depleting the resource by the 1940s (ASMFC 1998). As the 
fertilizer and livestock feed user groups moved away from horseshoe crabs to alternative and synthetic 
products, the population began to recover. By the 1960s, all commercial harvest of horseshoe crabs had 
ceased and, by the late 1970s, the population had substantially recovered (Shuster 1996, ASMFC 1998). 
Although the use of horseshoe crabs in medical research began in the early 1900s (Shuster 1962), it was 
not until the commercialization of LAL and the emergence of this new user group in the mid-1970s that 
horseshoe crabs were once again harvested in greater numbers. In the mid-1990s, yet another commercial 
user group emerged, who began harvesting the resource for bait in the American eel (Anguilla rostrata) 
and whelk pot fisheries (Busycon spp.). 



Although the majority of the American horseshoe crabs harvested for LAL are returned-to-sea with a 
relatively low mortality of 15% (ASMFC 2018), the combined unregulated harvest from these two user 
groups again resulted in the population’s decline (ASMFC 2018). In 1997, the States of Delaware and 
New Jersey along with a ground swell of support from birding organizations, horseshoe crab advocacy 
groups and the scientific community, urged the Atlantic States Marine Fisheries Commission a United 
States Federal Governmental body with broad fisheries management authority, to develop a horseshoe 
crab fisheries management plan (FMP) to monitor and regulate the harvest of the American horseshoe 
crab coast wide (ASMFC 1997). The purpose of the horseshoe crab FMP is to ensure a sustainable 
population throughout its spawning range, so as to ensure the continued role of the horseshoe crab 
resource in the ecology of coastal ecosystems, food resource for migratory birds and other dependent 
wildlife and the fishing and non-fishing public (ASMFC 2018). In March of 2001, to protect essential 
marine habitat in the mid-Atlantic region, home to the largest concentration of the American horseshoe 
crab, the National Marine Fisheries Service (NMFS) at the recommendation of the ASMFC, established 
the Carl N. Shuster, Jr. Horseshoe Crab Reserve. It prohibited the harvest and transfer of horseshoe crabs 
in federal waters within a 30 nautical mile radius of the mouth of the Delaware Bay (ASMFC 2001). 

Presently, the American horseshoe crab species Limulus polyphemus is only marginally stable throughout 
its United States range, with an improving population in the North East region (Maine to Rhode Island), 
still declining in the New York region (Connecticut to New Jersey), remaining stable in the Delaware Bay 
region (New Jersey to Virgina), and increasing in abundance in the Southeast region (North Carolina to 
Florida; ASMFC 2019). 

The Mexican horseshoe crab population on the species extreme southern range is poorly understood and 
does not fall under the jurisdiction of the ASMFC. There is insufficient data to confirm population 
stability (Zaldivar-Rae et al. 2009, Smith et al. 2017). Although under Mexican law, the harvest, sale and 
purchase of horseshoe crabs are illegal, there is no active management of the species. Consequently, there 
is a growing illegal harvest of horseshoe crabs for bait in the octopus fishery with a preference for males 
which are most compatible with traditional drift fishing techniques (Smith et al. 2017).  

While the regulated harvest of the American horseshoe crab used for bait in the American eel (Anguilla 
rostrata) and whelk pot fisheries (Busycon spp.) continues to decline from a high of 2.6 million in 1999 to 
an averaged low of 753,000 between 2004-2017 (ASMFC 2019), a 245% decrease, the harvest for LAL 
production continues to increase from a low of 130,000 crabs in 1989 (FDA 1998, ASMFC 1998) to an 
averaged high of 485,197 between 2004-2017 (ASMFC 2019), a 273% increase. Although a recent study 
indicates no adverse impact on the American horseshoe crab population from current LAL production 
harvesting levels (Smith 2019, ASMFC 2019), it is uncertain whether LAL production, which is expected 
to double by 2024 (Fig.6) (Zion Market Research 2019), can continue to increase to meet its projected 
growth, much less absorb the Asian TAL market as it begins to decline from unsustainable harvesting 
practices. In an effort not to exceed their current harvesting footprint, some LAL producers have 
partnered with the American eel (Anguilla rostrata) and whelk pot fisheries (Busycon spp.), bleeding 
animals before they are used as bait (ASMF 2018). This practice may expand as these two user groups 
seek to share a finite resource managed for sustainability within a growing market. For as long as the 
harvest of the American horseshoe crab can be managed for sustainability and the availability of viable 
animal-free BET are available, it will be unlikely that the American eel and whelk pot fisheries will be 
asked to reduce their harvest in favor of biomedical use. Although often viewed as the villains in this 
debate by LAL producers and conservationists, who move within a different social economic class, it is 
important to remember that commercial fishing is one of the oldest vocations in the United States and 
helped provide the financial means to launch the American Revolution, thus offering the enduring status 
of a heritage activity (Kurlansky 1997). 

Throughout South and Southeast Asia, home to three of the world’s four horseshoe crab species 
(Tachypleus tridentatus, Tachypleus gigas, Carcinoscorpius rotundicauda) horseshoe crab conservation 
advocacy is only beginning to take root after centuries of exploiting this marine life primarily for human 
consumption, and since the late 1970’s, the production of the bacterial endotoxin test TAL. When human 



considerations overshadow environmental concerns, ignorance and indifference are often at the core of a 
species decline. In 2019, the IUCN Horseshoe Crab, Specialist Group, in collaboration with its members 
throughout South and Southeast Asia, released their IUCN Red List assessment of Tachypleus tridentatus. 
The assessment classified the species as endangered throughout its spawning range and at risk of local 
extinction (IUCN 2019). It is believed that once the RED List assessments for the two other Asian 
horseshoe crab species have been completed, they will also be listed at risk. Although there is a growing 
trend throughout Asia to breed and release horseshoe crab larvae into areas of population decline, 
currently there is no matrix to assess the efficacy of these programs.  

Horseshoe crabs are eaten in many South and Southeast Asian countries, with China being the largest 
consumer and the primary supplier of TAL (Akbar et al. 2018, IUCN 2019, Zion Market Research 2019). 
The byproducts of these user groups supply secondary markets with chitin, fertilizer and traditional 
Chinese medicine (Novitsky 2017, pers. comm). The consumption of horseshoe crabs throughout South 
and Southeast Asia is driven by poverty, livelihood and social status, intertwined with broad historical and 
cultural trends, linked to economic growth and social stratification (Fabinyi 2011). Without action on the 
consumption end of the commodity trade, either through public awareness campaigns and or cost that 
exceeds market viability, coupled with government intervention, it is unlikely the trade in horseshoe crabs 
will abate. Although there are some indications that human consumption of wildlife in China is declining, 
consumers with higher income and educational backgrounds are consuming wildlife at a higher rate 
(Zhang, et al. 2014) and there is no indication the consumption of horseshoe crabs in China has declined 
(Fu et al. 2019).  

Some mangrove species (Carcinoscorpius rotundicauda) contain a tetrodotoxin that can be fatal if eaten 
(Kanchanapongkul et.al 2008, Suleiman et al. 2017). Consequently, harvest of this species for human 
consumption remains local. It is also small and difficult to harvest in quantity to be of value in the 
production of amebocyte lysate. Therefore, the largest threat to this species and the primary reason for its 
decline is the loss of habitat throughout its range (Akbar et al. 2018). South Asia, Southeast Asia and 
Asia-Pacific contain approximately 46% of the world’s mangrove ecosystems, including the most 
biodiverse mangrove forests. On the other hand, this region also exhibits the highest global rates of 
mangrove loss and deforestation for alternative land uses (Gandhi et al, 2019). 

Currently, there are only a few South and Southeast Asian countries with laws in place to protect their 
horseshoe crab resource and its habitat, and fewer still who enforce them, which encourages a substantial 
illegal trade (Akbar et al. 2018, IUCN 2019). The world’s four horseshoe crab species are not protected 
by the Convention on International Trade in Endangered Species (CITES). Consequently, cooperation 
between countries that import horseshoe crabs from countries that ban and or restrict their export is poorly 
regulated and enforced (Akbar et al. 2018, IUCN 2019). NGOs with the support of the scientific 
community alone cannot reverse deeply ingrained social, cultural and corporate indifference to the decline 
of these species, without a government coordinated conservation and management effort, coupled with a 
robust law enforcement mechanism within and between countries where horseshoe crabs live and spawn. 

TAL producers in China, some of whom are LAL producers in the United States, circumvent the 
application of sustainable  harvesting practices used in the United States for Limulus, by implying they 
are beholden to poorly enforced or nonexistent government harvesting regulations and the pervasive 
social, cultural and corporate indifference towards the sustainability of the Asian horseshoe crab species 
(Dubczak 2019). However, it is the ever-increasing distance that harvesters incur to secure the horseshoe 
crab resource and the need to recoup associated cost that make the bleed-and-release model used in the 
United States untenable in Asia. This in turn strengthens the symbiotic relationship between the harvesters 
or importers for human consumption and TAL production. TAL producers rent their horseshoe crabs from 
harvesters or importers only long enough to drain their hemolymph, before returning them to be butchered 
for human consumption and secondary markets i.e. chitin, fertilizer and traditional Chinese medicine 
(Novitsky 2017, pers. comm). These secondary markets ebb and flow with the demand for human 
consumption and TAL. With Asia being one of the largest and fastest growing healthcare markets (IMS 



2017), the demand for TAL is expected to double by 2024 (Zion Market Research 2019), potentially 
offsetting decreases in human consumption through public awareness campaigns.  

Since the Chinese horseshoe crab population, which was once robust, is no longer viable for this scale of 
enterprise, animals from countries with poorly enforced or nonexistent harvesting and or export laws will 
continue to be exploited. The report that TAL only represents 20% of the world’s BET market (Dubczak 
2019), should not be taken as an insignificant number, for the affected species is already Red-Listed as 
Endangered and on the Verge of Extinction (IUCN 2019). Can an ethical argument to be made for why 
producers of TAL should continue to exploit this diminishing resources or why the pharmaceutical, 
medical device and health care providers should continue to use TAL when there are other equally viable 
BET?  

Absence of Clear Ethical Directives !

First introduced in 1959 by Russell and Burch the concept of replace, reduce and refine (3Rs) was 
intended to promote the humane treatment of animals used in scientific procedures (Russell and Burch, 
1959). Even though the 3Rs are now widely accepted and practiced as ethical standards in Western 
societies (Orlans et al, 1998, NHMRC 2013, CCAC Guidelines 2017), the scope and scales of 3Rs still 
remain to be clarified. For example, the majority of invertebrate species, which include the four extant 
horseshoe crab species, are excluded from legislation regulating scientific research on animals, with the 
exception of cephalopods (Berry et al, 2015). However, as was the case for the four suborders of 
cephalopods, growing global support behind the conservation of the horseshoe crab species, has begun to 
deepen our understanding of what constitutes pain and suffering in other living beings as a result of 
human activities. There is a growing animal-free endotoxin detection trend developing in Europe (Council 
of Europe, 2010). It already manifested in the introduction of the Monocyte Activation Tests (MAT), a 
whole-pyrogen assay based on human immune cells, as a replacement for the rabbit pyrogen test (RPT) 
by the Ph.Eur. into chapter 2.6.30 (2010). Regarding BET, Ph.Eur. chapters 5.1.10 (2016b) and 2.6.32 
(EDQM 2019) continue in advancing the 3Rs. The former already included rFC assays as alternative BET 
and the latter will make them compendial. This will eliminate the necessity for additional method 
validation and thereby present them as fully accepted BET replacements of LAL/TAL (Fig. 3). 

In the absence of clear ethical directives, leadership is required. There is only one user group who has the 
ability to transcend the geographic boundaries, government malaise, linguistics, social, cultural and 
corporate indifference that hamper the conservation of two of the three Asian horseshoe crab species 
(Tachypleus tridentatus, Tachypleus. gigas) and that is the pharmaceutical, medical device industries and 
healthcare facilities around the world who are reliant upon TAL for bacterial endotoxin test. Most are 
unaware that their TAL supply chain will not meet future demands and by their continued use of TAL, are 
complicit in the decline of the Tachypleus species. By implementing a supply chain management policy, 
that replaces their use of TAL with LAL and augments their endotoxin test requirements with rFC assays 
where applicable, they can reduce harvesting pressure on the two Asian Tachypleus species, and at the 
same time reduce transferred harvesting pressure on the American horseshoe crab species (Limulus 
polyphemus) used in the production of LAL, which is also expected to double by 2024 (Zion Market 
Research 2019).  

Conclusion 

By excluding the presence of harmful amounts of endotoxin in pharmaceuticals and medical devices, 
LAL and TAL have helped in guaranteeing patient safety for decades. Established as they are, these 
animal extracts will likely stay in operation for the foreseeable future. Nonetheless, ample evidence has 
demonstrated that rFC-based assays fulfill the function of LAL/TAL equivalently, with the added 
advantage of providing viable animal-free BET. Presently, replacing the LAL/TAL lysate with rFC may 
require additional validation procedures. However, this relatively minor effort can provide a modern, 



reliable analysis method that can also make a significant contribution to the conservation of the horseshoe 
crab species. 

Until there is a viable alternative bait for the American eel (Anguilla rostrata) and whelk pot fisheries 
(Busycon spp.) and a migration towards rFC assays or other animal-free bacterial endotoxin tests, the 
American horseshoe crab (Limulus polyphemus) will continue to be managed for the migratory 
shorebirds, other dependent wildlife and the fishing and non-fishing public, regardless of the bacterial 
endotoxin test industry’s reliance upon this species. The social elitism and distain currently shown 
towards the horseshoe crab bait fishery by the bacterial endotoxin test producers in the United States need 
to be reconciled, as both user groups must find ways to work together to share this finite and sustainably 
managed resource, within a growing marketplace. 

In Asia, the three horseshoe crab species (Tachypleus tridentatus, Tachypleus gigas, Carcinoscorpius 
rotundicauda) will continue to decline until there is a coordinated conservation effort on the part of the 
governments where these animals live and spawn and a change in the social, cultural and corporate 
indifference to unsustainable harvesting practices. Until then, these animals will keep losing essential 
habitat and genetic diversity, and be harvested unsustainably for human consumption, the production of 
TAL and secondary markets. The pharmaceutical, medical device industries and healthcare facilities have 
the ability to make a significant contribution to the conservation of the Asian horseshoe crab species by 
eliminating the purchase of TAL from their supply chain. Additionally, they would be wise to make BET 
supply chain management decisions based upon the collective knowledge of the IUCN, ASMFC and the 
vast global network of NGO’s and scientists around the world who are dedicated to the biology and 
conservation of these ancient mariners. These organizations are working independent of the marketplace 
and stakeholders to understand and protect the world’s four extant horseshoe crab species and have 
proven themselves to be honest brokers, versus the often biased opinions of some user groups who 
harvest and or exploit them. 
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Fig. 1. Enzyme biochemistry in a. LAL/TAL and b. rFC. * denotes an activated enzyme. Color and 
turbidity formation can be measured using an absorbance reader, fluorescence development using a 
fluorescence reader. 

 

Fig. 2. Reactor holding cell culture for manufacturing recombinant proteins such as Factor C. 



 

Fig. 3. Comparison of processes for establishing bacterial endotoxin testing in pharmaceuticals or medical 
devices using either LAL/TAL or rFC. Colored boxes indicate activities that need to be carried out in the 
premises of the BET user, while white boxes denote documents that are used as references. 

a b 

 

Fig. 4. Comparison of data from collaborative study to compare kinetic-chromogenic LAL tests and rFC-
based assays on a. purified lipopolysaccharides from defined bacterial strains and b. crudely purified 
endotoxin from defined bacterial strains and naturally occurring endotoxin from environmental water 
samples (adapted from Kikuchi et al. 2017). 



  
Fig. 5. Geographic ranges of Carcinoscorpius rotundicauda (green), Tachypleus tridentatus (orange), 
Tachypleus gigas (blue), and Limulus polyphemus (red) 
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Fig. 6. Projected Volume of Pyrogen and Endotoxin Testing by type in USD Million (adapted from Zion 
Market Research 2019).


